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The Cosmos, without doing anything,
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Abstract
In addition to control by major nutrient elements (nitrogen, phosphorous, and silicon)
growth and community composition of marine phytoplankton is also regulated by trace element
nutrients (iron, copper, manganese, zinc, cobalt, nickel, and cadmium). Of these, iron is the most
influential in the modern ocean, regulating phytoplankton growth and carbon export in highnutrient low-chlorophyll regimes and exerting an important control on the marine nitrogen cycle
through its role in di-nitrogen fixation. The distributions of these metals has the capacity to control
primary production and phytoplankton community composition through differences in cellular
quotas or metal sensitivities amongst species. The relationship between trace metal distributions
and marine microorganisms is coupled; plankton and bacteria shape the distribution, speciation,
and redox state of these metals through cellular uptake, recycling processes, and production of
specific and non-specific metal chelators. The interplay between these chemical and biological
processes has a profound influence on the modern ocean and global biogeochemical cycles.
In this work the feedbacks between trace metal nutrients, natural metal-binding
chelators, and marine microorganisms are examined in three distinct oceanic environments that
encompass some of the major interfaces of trace metals to the ocean. In the upwelled waters of the
California Current system field incubations examine the role of light on the uptake and speciation
of metals; an important observation from this study was the increase in short-term Fe uptake rates
for marine phytoplankton resulting from photochemical reactions of organically bound Fe, a
process that may result in a competitive advantage for some phytoplankton species. In the surface
waters of the West Florida Shelf a baseline study of the concentrations of bioactive trace metals

ix

and Fe-and-Cu binding organic ligands are reported between two seasons; the work identifies
important regional and seasonal processes controlling the distributions of these metals and
observed divergent mechanisms influencing the cycling of Fe-and-Cu-binding ligands that may
act as a bottom-up control on phytoplankton communities in this region. In hydrothermal plumes
along the Mid Atlantic Ridge field incubations examine the role of particles and Fe-binding ligands
on the stabilization of dissolved Fe input from these vent systems; the experiments demonstrate
the importance of colloids, exchange between particle phases, and Fe-binding ligand production
in the stabilization of Fe far-field of these vent systems. The results of these studies present
mechanistic frameworks to contextualize some of the basin-scale distributions of these metals
generated from the GEOTRACES program. As the GEOTRACES program shifts progressively
towards more process oriented studies this work may serve as a useful framework to test
hypotheses and further characterize biogeochemical cycles of trace metals in these marine
environments.

x

Introduction
The ocean acts as one of the greatest sinks for atmospheric carbon dioxide, estimated
to comprise roughly half of the global export flux (Field et al. 1998; Sabine et al. 2004). The
incorporation of this carbon and other nutrients by phytoplankton in the surface ocean and its
subsequent export to depth upon their death is an important removal process of carbon from the
atmosphere, appropriately termed the biological carbon pump. Dissolved inorganic carbon in the
surface ocean is ubiquitous, thus understanding and quantifying the constraints on the biological
pump has focused on the inventories of other nutrient elements that restrict cell growth.
Historically, nitrogen (N), phosphorous (P), and silicon (Si; for diatoms) have been the primary
elements considered due to their high relative abundances in phytoplankton biomass with respect
to carbon and low concentrations in the surface ocean (Redfield 1934, 1958). However, over the
last 30 years iron (Fe) has been recognized as an important micronutrient that limits production at
high latitudes and in the equatorial Pacific (Martin and Fitzwater 1988; Tagliabue et al. 2017),
estimated to encompass ~30% of the surface ocean (Moore et al. 2013).
The Fe hypothesis has motivated a field of research dedicated to the careful
measurement of Fe and other bioactive trace elements in the marine environment. These bioactive
metals include copper (Cu), manganese (Mn), zinc (Zn), cobalt (Co), nickel (Ni), and cadmium
(Cd). While they do not comprise a large portion of phytoplankton biomass relative to N or P, their
role as catalytic centers in metalloenzymes and low solubilities in seawater has established them
as important micronutrients for algal growth (Morel and Price 2003; Sunda 2012; Moore et al.
2013; Twining and Baines 2013). Iron is prevalent in the enzymes mediating photosynthetic and
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respiratory electron transport and is utilized in many of the enzymatic pathways of the marine
nitrogen cycle, including nitrogen fixation ((Sunda 1989; Morel and Price 2003; Twining and
Baines 2013); Figure 0.2). Manganese serves as the primary electron acceptor for the oxidation of
water in photosynthesis (Sunda 1989), and in addition to other metals (Fe, Cu, Ni, and Zn) plays
a role in regulating toxic concentrations of superoxide radicals within the cell (Twining and Baines
2013). Zinc is utilized for the concentration of CO2 within phytoplankton cells, the replication and
transcription of nucleic acids, and the hydrolysis of phosphate esters (Sunda 1989; Figure 0.2).
Cobalt is the active metal site in vitamin B12 and an obligate requirement in marine cyanobacteria
(Saito et al. 2002). Cellular quotas for many of these metals are difficult to constrain due to metal
substitution within some enzymes (Price and Morel 1990) and the presence of metal storage
proteins in phytoplankton and marine bacteria (Marchetti et al. 2009; Mazzotta et al. 2020).
Trace metals exist in a variety of inorganic and organic chemical species in seawater,
which strongly influence their availability to marine microorganisms. Biological availability of
metals to phytoplankton is usually a function of the metal’s free ion concentration or kinetically
labile inorganic species (hydroxide, chloride, and carbonate ions). The influence these inorganic
forms is altered by the presence of organic chelating species (Sunda 1989). The buffering of
bioavailable inorganic species using synthetic organic chelators in culture studies has
demonstrated the important control of organic ligands on the bioavailability of metals (Sunda
1989; Sunda and Huntsman 1995a; Maldonado et al. 2001) and has stimulated considerable work
constraining the influence of natural organic chelators on the biogeochemical cycles of metals.
In the marine environment all the metals presented have been shown to interact to some
degree with natural organic chelators (Bruland 1989a, 1992; Ellwood and van den Berg 2001;
Saito et al. 2004; Oldham et al. 2017), although Fe and Cu have received the most attention due to
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the extent organic ligands govern their speciation (Coale and Bruland 1988; Gledhill and van den
Berg 1994; Rue and Bruland 1995; Wu and Luther 1995; Moffett and Dupont 2007). This natural
pool of chelators appears to be a heterogenous mixture of organic compounds, consisting of both
metal-specific low molecular weight compounds (e.g. Fe-binding siderophores) and non-specific
poorly characterized ligands produced in cell growth and remineralization ((Gledhill and Buck
2012); Figure 0.2). Isolated forms of these ligands have been shown to modify Fe availability to
algal cells as much as two orders of magnitude (Lis et al. 2015), suggesting they could be a control
on primary production and community composition. The incorporation of these organic ligands
into global biogeochemical models has been necessary for accurately reproducing oceanic Fe
distributions (Tagliabue et al. 2014, 2017).
The measurement of trace metals and their organic species in the marine environment
has required the development of sensitive methods and careful handling procedures over the last
30 years. Modern quantification of trace element concentrations is most commonly achieved using
inductively coupled plasma mass spectrometry (ICP-MS) after preconcentration of the metals
using a chelating resin (Beck et al. 2002; Lohan et al. 2005; Milne et al. 2010; Biller and Bruland
2012). Commercially available preconcentration systems now exist (SeaFAST-pico; ESI),
allowing accurate quantification of multiple metals from a single small-volume seawater sample
(Lagerström et al. 2013; Rapp et al. 2017; Wuttig et al. 2019). The measurement of naturally
occurring metal chelators is typically measured by titration of the natural organic ligands with the
metal in the presence of a synthetic, well characterized, electro-active (peak-producing) added
ligand measured on a hanging mercury drop electrode (Campos and van den Berg 1994; Rue and
Bruland 1995; Gledhill and Buck 2012). The method produces an integrated measurement of the
organic ligand pool and conditional stability constants with respect to free or labile inorganic forms
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of the metal. The vast majority of trace metal concentration and speciation measurements to date
are conducted within the operationally defined dissolved fraction (<0.2 µm) that encompasses
broad range organic and inorganic forms of Fe (Figure 0.2). The inclusion of additional size
fractions in these measurements through further filter separation has been used as a method to
constrain the properties and behavior of these physiochemically distinct forms ((Bergquist et al.
2007; Tagliabue et al. 2017); Figure 0.2).
The standardization and intercalibration of these methods have preceded a large
international effort to survey the world’s oceans for trace elements and isotopes through the
GEOTRACES program. Over the last 10 years GEOTRACES has substantially increased the
number of oceanographic measurements of dissolved trace metals and organic ligands (specifically
Fe and Cu) by more than 100-fold (Buck et al. 2015, 2018; Jacquot and Moffett 2015; Schlitzer et
al. 2018). The basin scale surveys undertaken by the program have generated an important dataset
to validate global biogeochemical models and have provided valuable context on the spatial extent
and influence of the major interfaces of trace metal sources to the ocean. For Fe specifically, dust
is considered the major source for most of the open ocean, but the basin scale surveys undertaken
by GEOTRACES have demonstrated substantial dispersion of Fe from reductive sediments
(Conway and John 2014; Ohnemus et al. 2017; Lee et al. 2018), non-reductive sediments (Conway
and John 2014; Conway et al. 2018), and hydrothermal vents (Saito et al. 2013; Resing et al. 2015;
Fitzsimmons et al. 2017), some of which may be transported to the surface ocean and exert
influence on the global carbon or nitrogen cycles (Conway et al. 2018; Ardyna et al. 2019). Within
these oceanic distributions is implicit information about the cycling processes that shape them and
can be further explored through process-based experiments and field studies.
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The following work employs the methods introduced above in three distinct marine
environments to evaluate the interplay between trace metal nutrients, natural metal-binding
chelators, and marine microorganisms. Through the use of field incubations and seasonal field
sampling these feedbacks are examined in the upwelled waters of the California Current, the
surface waters of West Florida Shelf, and hydrothermal plumes along the Mid Atlantic Ridge.
Each of these marine systems is influenced by distinct sources of trace metals that encompass some
of the major interfaces to the ocean (Anderson et al. 2014). The results from these studies identify
specific cycling processes that may be important controls on the distributions of these trace metals
in the marine environment.

Figure 0.1. From Morel and Price (2003), (A) a diagram of the nitrogen cycle illustrating the metal
cofactors required by the enzymes in each biochemical reaction. (B) The metal requirements
identified for acquisition and assimilation pathways for carbon, nitrogen, and phosphorus in
marine phytoplankton.
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Figure 0.2. From Tagliabue et al. 2017, demonstrating the different organic and inorganic forms
of iron (Fe) found in different operational size fractions determined by filter separation. The
soluble phase is defined as all Fe forms that can pass through a 0.02 µm filter, the colloidal phase
between 0.02 µm and 0.2 µm, and the particulate all that falls above that.
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Chapter I:
Assessing the influence of light and particles on the cycling of organic ligands and bioactive
trace metals in the surface ocean
Note to reader:
Chapter I of this work has been published in Limnology and Oceanography (Mellett et
al. 2018; doi:10.1002/Ino.10751). This work was a collaborative effort with other scientists; the
analytical contributions in this work include Cu speciation and a portion of Fe speciation presented
in Figure 7. The published version of the manuscript is attached as Appendix A, with the
supplementary information for the paper included as Appendix B.
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Chapter II:
Spatial and temporal variability of bioactive trace metals and organic ligands in surface
waters of the eastern Gulf of Mexico
Note to reader:
This chapter has been submitted to Marine Chemistry and has been formatted to meet
its guidelines. Analytical contributions include sample collection and analysis of dissolved and
total dissolvable metals, Fe and Cu speciation, and concentrations of electroactive Fe-binding
humic-like ligands.
2.0. Abstract
The concentrations of bioactive trace metals (Fe, Cu, Mn, Zn, Co, Ni, Cd, and Pb), Feand Cu-binding organic ligands, and electroactive Fe-binding humic substances were measured in
surface waters across the West Florida Shelf in the eastern Gulf of Mexico in June 2015 and in
February-March 2018. Seasonal differences in dust deposition based on aerosol optical density
were associated with increased concentrations of Fe, Mn and Pb in offshore surface waters in June
2015 compared to Feb-Mar 2018. Total concentrations of Fe-binding ligands offshore were similar
between seasons, and this ambient ligand pool acted to stabilize a portion of Fe delivered via dust
deposition within the dissolved fraction. Apparent photoreduction of Cu-binding organic ligands
in offshore summer surface waters led to bioavailable Cu2+ concentrations that reached potentially
growth-rate-inhibitive concentrations for some cyanobacteria species. The concentrations of Febinding humic-like ligands were better correlated with Cu-binding ligands than Fe-binding
ligands, suggesting that terrestrially derived photoactive ligands may have a significant influence
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on the cycling of Cu-binding ligands across the West Florida Shelf. Intrusion of the Loop Current
into the study region was observed in June 2015 and appeared to entrain bands of low salinity
water from the northern Gulf of Mexico. This process brought elevated trace metals and Fe-binding
humic-like ligands to the outer West Florida Shelf, which may then be delivered to the North
Atlantic via the Loop Current-Florida Current-Gulf Stream system.

2.1. Introduction
The West Florida Shelf (WFS) is a broad (250-300 km wide) and shallow (50-300 m)
continental shelf in the eastern Gulf of Mexico (GoM). This region is influenced by a range of
physical, chemical, and geological features that result in spatially and temporally variable nutrient
inputs to the system. These include dust deposition (Prospero 1999), river inputs (Dixon and
Steidinger 2004; Dixon et al. 2014; Dzwonkowski et al. 2018), wind-driven and eddy-driven
circulation (Müller-Karger et al. 1991; Morey et al. 2003; Walker et al. 2005; Schiller et al. 2011),
episodic upwelling (Weisberg et al. 2016), and submarine groundwater discharge (Hu et al. 2006;
Swarzenski et al. 2007; Charette et al. 2016). Loop Current (LC) circulation in particular plays an
important role in the transport of GoM nutrients. When the LC intrudes towards the north of the
GoM, it can entrain discharge from the Mississippi/Atchafalaya River Basin that drains 41% of
the continental United States (Hu et al. 2005; Schiller et al. 2011; Schiller and Kourafalou 2014).
The LC then leaves the GoM through the Florida Straits as the Florida Current and joins the Gulf
Stream in the Atlantic (Figure 2.1). Satellite observations report northern GoM river waters
entrained in the LC delivered as far as the coast of Georgia in the North Atlantic (Hu et al. 2005).
Surface waters of the WFS are described as oligotrophic and predominantly nitrate
limited (Steidinger 1975; Vargo et al. 2008; Dixon et al. 2014). In the eastern Gulf of Mexico, iron
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(Fe) fertilization from seasonal dust deposition, as determined by total dissolvable Fe
measurements in surface waters, has been linked to blooms of N2-fixing Trichodesmium and the
production of dissolved organic nitrogen in this region (Lenes et al. 2001), consistent with the role
of Fe in the N2 fixation enzyme nitrogenase (Rueter 1988; Rueter et al. 1990). The resulting input
of newly fixed nitrogen to surface waters of the WFS may play an important role in the
development of Karenia brevis harmful algal blooms (Walsh and Steidinger 2001; Mulholland et
al. 2002; Lenes et al. 2008).
In oligotrophic systems, organic forms of macronutrients are often the dominant
nutrient pools for local phytoplankton (Bronk et al. 1994; Benitez-Nelson 2000), and the
bioavailability of trace metals becomes increasingly important for productivity due to their use in
enzymes required to access organic macronutrients (Rees and Bekheet 1982; Flynn et al. 1986;
Oliveira and Antia 1986; Dyhrman and Palenik 2003). Nickel (Ni) and zinc (Zn) serve as cofactors in enzymes that allow phytoplankton to utilize organic pools of nitrogen and phosphorus,
respectively (Price and Morel 1991; Shaked et al. 2006; Jakuba et al. 2008; Mahaffey et al. 2014).
Cobalt (Co) is also an important micronutrient trace metal, which can be substituted for insufficient
Zn or Cd by some marine phytoplankton to acquire carbon from seawater (Price and Morel 1990;
Sunda and Huntsman 1995b), while cyanobacteria have an obligate Co requirement to synthesize
vitamin B12 (Saito et al. 2002). Similarly, some diatoms employ a Cd-containing carbonic
anhydrase under low Zn conditions (Lane and Morel 2000). Copper (Cu) may act as a toxin to
marine phytoplankton in coastal systems where bioavailable Cu exceeds that of manganese (Mn)
or Zn (Sunda and Huntsman 1998); elevated Cu bioavailability may even promote toxin production
by some harmful algal species (Maldonado et al. 2002; Couet et al. 2018). Lead (Pb), on the other
hand, serves no known biological purpose, but offers a tracer of anthropogenic inputs and particle
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scavenging (Boyle et al. 2014). Altogether, the bioavailability and inventories of these bioactive
trace metals may shape the productivity and community composition of phytoplankton in the
eastern GoM, and the distributions of these metals provide insight into the various physical,
biological, and chemical processes unfolding in this region.
The bioavailability of trace metals to phytoplankton is not necessarily a function of the
total dissolved metal concentration, but rather the chemical form of the metal in seawater (Sunda
1989). Naturally occurring metal-binding organic ligands have been shown to play a significant
role in the chemistry and bioavailability of trace metals in seawater (Morel and Price 2003;
Gledhill and Buck 2012). All the bioactive metals presented here have been demonstrated to form
complexes with organic ligands to some extent (Van den Berg and Nimmo 1987; Coale and
Bruland 1988; Bruland 1989b, 1992; Gledhill and van den Berg 1994; Wu and Luther 1995; Rue
and Bruland 1995; Van den Berg 1995; Ellwood and van den Berg 2001; Saito et al. 2004; Oldham
et al. 2017), though the organic complexation of Fe and Cu has been the most extensively
characterized (Coale and Bruland 1990; Moffett et al. 1990; Moffett 1995; Gledhill and Buck
2012; Jacquot and Moffett 2015). Both Fe and Cu are >99% complexed by organic ligands
throughout the water column and across ocean basins (Buck et al. 2015, 2018; Gerringa et al. 2015;
Jacquot and Moffett 2015). Terrestrially derived ligands, represented by electroactive humic
substances (HS) in voltammetry studies, have been shown to be important Fe- and Cu-binding
organic ligands in coastal and estuarine waters (Bundy et al. 2014, 2015; Abualhaija et al. 2015;
Whitby and van den Berg 2015; Whitby et al. 2017) and in the enclosed basins of the
Mediterranean Sea (Dulaquais et al. 2018) and Arctic Ocean (Slagter et al. 2019).
Trace metals in the GoM are perhaps best characterized in the Mississippi and
Atchafalaya river delta systems (Shiller and Boyle 1991; Shiller 1997; Shiller et al. 2006; Stolpe
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et al. 2010; Wen et al. 2011; Joung and Shiller 2016; Joung et al. 2019) in Galveston Bay (Wen et
al. 1999; Tang et al. 2002), and in Florida Bay (Caccia and Millero 2003). Boyle et al. (1984)
reported elevated Cu concentrations leaving the GoM through the Florida Straits, attributed
primarily to river sources along the path of circulation from the western Atlantic through the
Caribbean Sea. Thus, while there are somewhat limited data from this region, the spatial and
temporal variability in bioactive trace metals in the eastern GoM may influence not only the
productivity and phytoplankton community structure of the WFS, but may also lead to variability
in the metal concentrations metals delivered to the North Atlantic via the LC.
Here we present a compilation of dissolved (<0.2 µm) and total dissolvable
concentrations of Fe, Cu, Mn, Zn, Co, Ni, Cd and Pb, dissolved Fe- and Cu-binding organic
ligands, dissolved Fe-binding humic-like substances, macronutrients (nitrate+nitrite, phosphate,
silicic acid) and chlorophyll a across the WFS in the eastern GoM. These data were generated from
surface transects conducted in summer (June) 2015 and winter (February-March) 2018. This study
provides a baseline evaluation of the surface water concentrations of a suite of bioactive trace
metals and of the speciation of Fe and Cu in this region and explores processes that influence trace
metal and organic metal-binding ligand cycling here.

2.2. Methods
2.2.1. Sample Collection
Surface water samples were collected from the WFS in the eastern GoM 18-21 June
2015 Figure 2.2a) aboard the R/V Weatherbird II and 27 February to 2 March 2018 (Figure 2.2b)
aboard the R/V Hogarth. Underway hydrographic data for salinity and temperature were collected
on both ships via flow-through systems (SeaBird); flow-through chlorophyll a data were also
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collected in summer on the R/V Weatherbird II from an ECO-FL-NTU fluorometer calibrated
annually for chlorophyll a at Wet Labs, Inc. On the R/V Hogarth discrete samples were collected
for chlorophyll a analysis at the University of South Florida (USF). Samples for trace metals,
macronutrients, and chlorophyll a were collected from ~2 m depth using a custom surface pump
“towfish” system (Bruland et al. 2005) towed alongside the vessels. Our towfish sampling system
consisted of an all PTFE Teflon air-operated double-diaphragm pump (Jabsco, Cole-Parmer), acidcleaned tubing (Bev-A-Line IV, ½”, Cole-Parmer), and a 35 kg steel and lead towfish coated in
non-metallic epoxy paint (EPO coat VA, DeCara Inc.). For deployment, the tubing was fed through
the towfish such that the tubing opening was located ~10 cm forward of the towfish body, which
was suspended in the water from the starboard A-frame using a ~2 m length umbilical of ½”
diameter non-metallic line (Vectran) attached to the end of the vessel hydrowire. To collect surface
water samples underway, the package was towed at 5-10 knots, which allowed the towfish to
sample at the edge of the ship wake with the tubing intake facing into the water ahead of the
towfish. The surface water from the towfish was pumped into a positive pressure bubble in the
main lab of each ship for sampling.

2.2.2. Total dissolved and dissolvable trace metals
Samples for dissolved trace metals (dM) were filtered inline through 0.2 μm Acropak
capsule filters (Pall) into 125 mL low-density polyethylene (LDPE; Nalgene) bottles. The Acropak
capsule filters were cleaned by leaching with 1.2 M TraceMetalÔ Grade (TMG) HCl (Fisher),
rinsing with Milli-Q water (MQ; >18.2 MΩ cm), and then flushing with at least 1 L of surface
seawater prior to use. The 125 mL sample bottles used for dissolved and total dissolvable trace
metals were cleaned with TMG nitric acid (HNO3; Fisher) in accordance with GEOTRACES
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protocols (Cutter et al. 2017) and stored filled with dilute (~0.024 M) TMG HCl until use. Total
dissolvable trace metal (TDM) samples were collected immediately after collection of dissolved
samples by removing the inline filter capsule and rinsing and filling a 125 mL LDPE bottle with
unfiltered water. Both sample types were acidified with the equivalent of 4 mL 6 M high-purity
(Fisher Optima) HCl per liter of seawater to 0.024M (~pH 1.7-1.8, NBS scale; Johnson et al.
(2007)), and stored for at least 6 months. Prior to preconcentration and analysis, TDM samples
were filtered through 0.4 μm polycarbonate track etched (PCTE; Whatman) filters on a Teflon
filtration rig (Savillex) into 125 mL LDPE bottles. The PCTE filters were cleaned prior to use by
soaking in 1.2 M HCl (TMG; Fisher) for at least a week, then rinsed 5 times with MQ water, and
were stored in 0.024 M HCl (TMG, Fisher) until use.
Dissolved and total dissolvable metals were processed using an automated seaFASTpico (ESI) preconcentration system (Lagerström et al. 2013). Samples were first UV-oxidized to
ensure recovery of any organic-bound Cu and Co (Milne et al. 2010; Biller and Bruland 2012).
The metals of interest were then preconcentrated by seaFAST onto a Nobias PA1 chelating resin
at pH 6.2 and eluted from the column with 1N triple quartz-distilled HNO3 with internal reference
standards of indium and rhodium. The eluent was then analyzed via a method of standard addition
on a Thermo Scientific Element XR Inductively Coupled Plasma Mass Spectrometer (ICP-MS) in
medium resolution and counting mode at the USF College of Marine Science (Hollister et al.
2020). The blanks and limit of detection of the seaFAST-pico system were calculated using air
blanks that encompass both the reagent blank and the manifold blank of the system by sampling
air in the system rather than sample (Table C1; Hollister et al. 2020). The accuracy of dissolved
metal concentrations measured using this method was established by comparison of NASS-7 and
SAFe (Johnson et al. 2007) seawater reference material results with consensus values (Table C1).

14

All reference material was within the consensus range for each metal measured with the exception
of Cd in SAFe S1, which was quantified as 2.4 ± 3.7 pM (n=4) against a consensus of 1.0 ± 0.3
pM. The average relative standard deviation of samples measured in replicate across the dataset
were 7.9% (Fe), 5.7% (Cu), 3.2% (Mn), 10.3% (Zn), 7.0% (Co), 5.9% (Ni), 15.4% (Cd), and 8.7%
(Pb), respectively. The limits of detection for each metal are provided in Table C1.

2.2.3. Dissolved Cu and Fe speciation
Filtered (<0.2 µm, Pall Acropak) samples were collected for dissolved Fe-binding and
Cu-binding organic ligands in 500 mL fluorinated high-density polyethylene (FPE) bottles (Buck
et al. 2012). These sample bottles were cleaned by soaking in a soap bath for at least one week,
then in a 1.2 M TMG HCl bath for at least a month. Bottles were then rinsed at least 3-5 times with
MQ water and stored filled with MQ until use. Prior to filling with sample, bottles were rinsed
three times with sample and were stored frozen (-20°C) until analysis on land.
The concentrations and conditional stability constants of Cu- and Fe-binding organic
ligands were measured using competitive ligand exchange adsorptive cathodic stripping
voltammetry (CLE-AdCSV). The competitive ligand salicylaldoxime (SA; Sigma-Aldrich) was
used to compete with natural ligands (Campos and van den Berg 1994; Rue and Bruland 1995).
Measurements were made on a BioAnalytical Systems (BASi) controlled-growth mercury
electrode interfaced with an Epsilon 2 analyzer (BASi). Final SA concentrations of 2 μM and 25
μM were used for Cu and Fe speciation measurements, respectively (Buck et al. 2012; Jacquot and
Moffett 2015). Deposition times of 300 s and 90 s were used for Cu and Fe speciation, respectively.
The full details of the Fe and Cu speciation methods and theory may be found elsewhere
(Campos and van den Berg 1994; Rue and Bruland 1995; Buck et al. 2012, 2018). Briefly, for each
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titration, aliquots of 10 mL were distributed into fifteen lidded Teflon vials (Savillex), which had
previously been conditioned with MQ, borate buffer, metal additions, and SA prior to use. Each
10 mL aliquot was buffered to pH 8.2 (total scale) with a 1.5 M borate buffer (7.5 mM final
concentration) made in 0.4 N ammonium hydroxide (Optima grade; Fisher) and cleaned for trace
metals by pumping through a chromatography column of ChelexÒ (Bio-Rad) resin at ~2 mL/min.
For Cu titrations, additions of 0–20 nM Cu were used and for Fe, additions of 0–10 nM Fe were
used in separate vials. Metal additions were allowed to equilibrate overnight, and SA additions
were equilibrated at least 1 h before analysis (Buck et al. 2012; Abualhaija and van den Berg 2014).
Titration data were processed using ProMCC software (Omanović et al. 2015; Pižeta
et al. 2015), which fits the datasets using multiple regression models, both linear and non-linear.
A single ligand class was found to be the best fit for the speciation data for both metals. Results
are described as total metal-binding ligand concentrations (LM) with associated conditional
stability constants (Kcond
ML ). For Fe, conditional stability constants were determined with respect to
cond
the sum of all inorganic Fe species, Fe´ ( K FeL,F
eʹ ; Rue and Bruland 1995) using a side reaction

coefficient ( α Feʹ ) of 1010 (Hudson et al. 1992; Rue and Bruland 1995). For Cu, conditional stability
cond
constants were determined with respect to the free, hydrated Cu2+ concentration ( KCuL,Cu
; Campos
2+

and van den Berg 1994). Excess ligands (eLM) were defined as [eLM] = [LM] – [dM], and best
represent the ligand pool titrated in the CLE-AdCSV method (Gledhill and Buck 2012). The
copper speciation results were used to calculate the free [Cu2+] using the quadratic derivation from
Moffett and Dupont (2007) and a side-reaction coefficient of 200 for weaker ligands (Moffett and
cond
Dupont 2007). The Fe speciation results were used to calculate Fe¢ as [Fe¢] = [dFe]/([LFe] x K FeL,F
eʹ
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). The complexation capacities ( α ʹML ) of ambient Fe-and-Cu-binding ligands were calculated as
cond
α ʹML = [eLM] x K ML,M and reported in Table C5.

2.2.4. Electroactive Fe-binding humic-like substances
Remaining volume from the speciation samples used for the Fe- and Cu-binding ligand
analyses was used for the quantification of naturally occurring electroactive Fe-binding humiclike ligands (Fe HS-like L). The measurements were made following the method of Laglera et al.
(2007) as modified by Bundy et al. (2014). Briefly, a 10 mL sub-sample was amended with Fe (50
nM) to saturate any excess Fe-binding ligands present in the sample, buffered with 1.5 M borate
buffer, and allowed to equilibrate for at least 2 hours. After equilibration, 20 mM potassium
bromate oxidant was added and the electroactive response of the natural Fe-ligand complexes
formed in the sample was measured on a Metrohm model 797 VA in direct current mode at a
deposition potential of -100 mV, with a deposition time between 60 s and 180 s depending on peak
response (Laglera et al. 2007). This approach directly detects any Fe-binding ligands in the
samples that form electroactive complexes with Fe. Quantification of these Fe-binding HS-like
ligands was made by method of standard addition with Suwannee River humic acid standard
(SRHA; International Humic Substance Society). Standard additions ranged from 0–60 µg L-1 or
0–400 µg L-1, depending on peak response. The concentrations of the electroactive Fe-binding
ligands determined with this approach are thus described as Fe-binding HS-like ligands in the
samples.
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2.2.5. Chlorophyll a and Macronutrients
Samples for macronutrients (nitrate+nitrite, phosphate, silicic acid) were collected
from the surface towfish and filtered (<0.2 µm) inline through Acropak filters into acid-cleaned
and MQ-rinsed 50 mL polypropylene tubes (Falcon; Fisher) and stored frozen (-20°C) until
analyzed on land. Macronutrient concentrations were determined using a Lachat QuickChem 8500
Flow Injection Analysis System following standard spectrophotometric methods (Parsons 1984).
Discrete samples for chlorophyll a were collected in 2018. Samples were vacuum
filtered onto 0.7 µm GF/F (Whatman) filters and frozen (-20 °C) until analysis on land.
Chlorophyll a was extracted from the filters in methanol overnight at 4 °C. The extracts were
measured before and after acidification with HCl (TMG; Fisher) on a Turner 10-AU fluorometer
that was calibrated with Anacystis nidulans (Sigma-Aldrich).

2.3. Results and Discussion
2.3.1. Hydrographic, macronutrient, and micronutrient setting
The complex hydrographic setting of the WFS and eastern GoM results in dynamic
nutrient distribution in the region. Results from our June 2015 and Feb-Mar 2018 cruises are
presented in the context of distinct hydrographic regions. The ‘nearshore’ (NS) encompasses
samples east of 83 ºW and is constrained hydrographically by the stabilization of salinity moving
out of the coastal waters near Tampa Bay and into the more oceanic waters of the WFS (Figure
2.2c-e). Correspondingly, ‘offshore’ describes samples westward of 83 ºW. A further distinction
within the ‘offshore’ region was made between the West Florida Shelf (‘WFS’) samples and
samples collected from the suspected Loop Current (‘LC’) intrusion at the westernmost edge of
each transect (Figure 2.2).
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Distinguishing the LC hydrographically in summer months is challenging due to high
temperatures and rates of evaporation in the surface waters of the GoM, which mask the high
temperature and salinity signals that typically characterize surface waters of the Caribbean that
comprise the LC. In June 2015, a band of lower salinity water was observed offshore on the WFS,
with a transition to higher salinities to the west (Figure 2.2c). This observed salinity gradient was
confirmed by satellite sea surface height (SSH) to result from the LC at the edge of the WFS
(Figure 2.2a). In Feb-Mar 2018, the presence of the LC was identified by a distinct increase in
surface temperature at the western end of the transect (Figure 2.2d) and confirmed via SSH (Figure
2.2b).
The concentrations of chlorophyll a fluorescence and macronutrients were coupled
across the regions surveyed along the WFS, characteristic of a macronutrient-limited system.
Chlorophyll a was elevated nearshore, where silicic acid and soluble reactive phosphorus
(“phosphate”) were elevated (Figure 2.2f, 2.2g). Nitrate+nitrite was below detection limits in all
samples, consistent with the canonical description of the WFS as a nitrate-limited system
(Steidinger 1975; Vargo et al. 2008; Dixon et al. 2014). Offshore phosphate concentrations
approached or fell below detection limits, and silicic acid concentrations ranged from 0.2–1.3 µM
and 1.2–2.5 µM between June 2015 and Feb-Mar 2018, respectively (Figure 2.2i, 2.2j; Table C2).
The alongshore transect in Feb-Mar 2018 showed evidence of elevated concentrations of
chlorophyll a and silicic acid south of the mouth of Tampa Bay (Figure 2.2k; Table C2), perhaps
indicating additional sources of nutrients from smaller tributaries, or differences in underlying
geology and groundwater discharge (Hu et al. 2006; Charette et al. 2016).
The concentrations of dissolved metals and other parameters were grouped by region
(offshore, nearshore) for each cruise, and the resulting average concentrations and standard
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deviations for each region and season are reported in Table 2.1; all individual sample results are
provided in the accompanying supplement (Tables C3, C4, C5). With the exception of dPb, all
dissolved and total dissolvable metals displayed elevated nearshore concentrations rapidly
decreasing to lower concentrations across the WFS (Figure 2.3; Table C2, C4). The offshore
concentrations of dFe, dMn, dNi, and dPb displayed significant differences (t-test, p £ 0.01)
between June 2015 and Feb-Mar 2018, suggesting seasonal cycling processes (Table 2.1). Total
dissolvable metal concentrations were typically tightly coupled to dissolved metal concentrations
offshore in the Feb-Mar 2018 samples (Figure 2.3). In June 2015 a patchy distribution of elevated
total dissolvable metal concentrations was observed offshore relative to dissolved concentrations
(Figure 2.3).
Although many of the metals presented have not been quantified offshore along the
WFS and eastern GoM, those that have agree well with previous observations. The distribution
patterns we observed are consistent with those of Boyle et al. (1984) for Cu (1.2–9 nmol kg-1), Ni
(1.8–9 nmol kg-1) and Cd (5–200 pmol kg-1) across a salinity range of 25–36 from the Mississippi
delta to the Florida Straits (Figure 2.3; Table C3). Elevated concentrations of trace metals in
nearshore samples were attributed largely to riverine inputs along the northern GoM coastline
(Boyle et al. 1984). Along the WFS, in addition to local rivers and Tampa Bay outflow contributing
to the elevated concentrations of trace metals, submarine groundwater discharge and resuspension
of sediments over the shallow shelf may also supply trace metals to the nearshore surface waters.
The increase in TDPb, other particulate metals, and silicic acid to the south of Tampa Bay (Figure
2.3x) may reflect these sources.
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2.3.2 Influence of the Loop Current on offshore metal concentrations
The Mississippi-Atchafalaya River Basin (MARB) has a profound influence on
nutrient delivery to the northern GoM, and the destination of these nutrients is determined from
complex seasonal wind-and-eddy-driven forces and deep current circulation patterns. Numerical
model simulations have demonstrated the dominant direction of the river plume is to the west
towards the Louisiana-Texas shelf due to prevailing easterly winds during the autumn, winter, and
early spring months (Morey et al. 2003; Walker et al. 2005; Schiller et al. 2011). However, in the
late spring and summer months, southwesterly winds can reverse the plume direction to the east
toward DeSoto Canyon. The presence of the canyon facilitates plume interaction with offshore
circulation, and southerly winds can entrain the waters as low salinity bands into the outer edge of
the LC where it can be transported offshore, along the WFS and into the North Atlantic via the
Florida Current-Gulf Stream (Hu et al. 2005). Such entrainment of plume water by the LC can
occur regardless of wind conditions when the LC intrudes closer to the MARB delta (Schiller et
al. 2011), which tends to occur more frequentley in winter and summer months due to wind-stress
changes in the Caribbean Sea (Chang and Oey 2012).
The high temperature, high salinity waters of the LC itself were sampled in both June
2015 and Feb-Mar 2018 transects in our study (Figure 2.2). These waters were characterized by
low concentrations of macronutrients, chlorophyll a, dissolved and total dissolvable metals, and
Fe-binding HS-like ligands (Figure 2.2-2.4). In June 2015, a band of low salinity water was
observed at the edge of the WFS in the offshore transect (Figure 2.2). This low salinity feature is
most consistent with LC entrainment of riverine discharge from the northern GoM and advection
of these waters to the WFS (Schiller et al. 2011). Satellite chlorophyll a has been used as a proxy
for river derived salinity fronts entrained by the LC (Hu et al. 2005; Walker et al. 2005), and such
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an entrainment event was evident in the weeks leading up to, and during the occupation of, the
transect in June 2015 (Figure 2.5a, 2.5b).
Increases in the concentrations of most of the dissolved and total dissolvable metals
were observed in the low salinity region, with significantly higher concentrations of dNi and dCo
(t-test, p £ 0.01) and Fe-binding ligands (t-test, p £ 0.1) compared to other offshore samples (Figure
2.3; 2.4a). Whereas variability in northern riverine endmembers can be substantial between river
systems, season, and year sampled, the elevated concentrations of metals observed in the low
salinity band is broadly consistent with ranges observed in mixing experiments conducted from
the Mississippi and Atchafalaya Rivers for S > 35.5 (Joung and Shiller 2016).
Satellite observational work has described the transport of discharge from northern
GoM rivers along the path of the LC, through the Florida Straits and into the Gulf Stream (Walker
et al. 1994; Gilbert et al. 1996; Hu et al. 2005). And a recent GEOTRACES study has demonstrated
that the Gulf Stream can serve as an important vector for Fe transport to the North Atlantic via
cold-core eddies (Conway et al. 2018). Thus, while the elevated concentrations of trace metals
observed in the low salinity waters sampled offshore during the June 2015 transect demonstrate
the influence these river plumes have on trace metal biogeochemistry on the WFS, they also
highlight a possible source of trace metals to the western North Atlantic. Enhanced delivery of Cu
to the Gulf Stream from riverine fluxes along the LC transport pathway has been shown previously
by Boyle et al. (1984). Here we report a similar enrichment of Cu in the offshore waters of the
GoM (Table 2.1). In addition to Cu, the concentrations of several other trace metals were also
found to be higher on average in summer offshore than reported by the recent Dutch GEOTRACES
cruise GA02 in the western Atlantic, where the source waters of the LC originate (Schlitzer et al.
2018).
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A comparison of average trace metal concentrations from offshore surface waters from
our study with average concentrations from the upper 30 m of GA02 samples collected between
10 ºN and 30 ºN (Figure 2.1), is presented in Table 2.1. Copper was not measured in the GA02
samples, and for this element, the comparison is made with GA03 samples from the North Atlantic
from 20 ºN to 30 ºN and across a broader longitudinal distance (30 ºW to 65 ºW). No significant
differences in the average concentrations of Fe, Zn, and Pb were found between GA02 results
(Rijkenberg et al. 2014; Schlitzer et al. 2018; Middag et al. 2019) and our study (Table 2.1). For
Cu, Mn (June 2015), Co, Ni (June 2015), and Cd, however, we report significantly higher
concentrations in the GoM compared to GA02 (GA03 for Cu) observations (Dulaquais et al. 2014;
Jacquot and Moffett 2015; Van Hulten et al. 2016; Middag et al. 2018; Schlitzer et al. 2018). With
the exception of Mn, these elements also have the strongest relationships with salinity between
both seasons (Figure 2.6b, 2.6e-g). Altogether, these results suggest that entrainment of northern
GoM river plumes in the LC could serve as a seasonal source of multiple trace metals and of metalbinding humic-like ligands to the WFS, Gulf Stream, and western North Atlantic.

2.3.3 Dust deposition and strong Fe-binding ligands as a buffer for dust Fe input
Another source of elevated trace metals to the offshore waters of the GoM during
summer months is dust deposition. Satellite data of aerosol optical density (AOD) from MODIS
during the month of June 2015 showed a large dust plume over the West Atlantic that was absent
in February 2018 (Figure C1). The average annual differences in AOD in the Caribbean between
February and June are 2-fold, and there is typically a ~10-fold difference in dust concentration
between the two months (Velasco-Merino et al. 2018). This seasonal difference in dust load was
accompanied by elevated concentrations of dFe and TDFe offshore and patchy distributions of
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high total dissolvable concentrations for some metals (TDCu, TDZn, TDPb) observed in June 2015
(Figure 2.3), suggesting dust may have contributed to these differences. Offshore concentrations
of dFe presented the starkest contrast between June 2015 and Feb-Mar 2018 (Table 2.1, Figure
2.3). Across all offshore samples collected west of ~83 °W, dFe concentrations averaged 1.69 ±
0.44 in June 2015 and 0.27 ± 0.18 nM in Feb-Mar 2018, a ~6-fold difference between the cruises.
Offshore TDFe concentrations averaged 9.5 ± 11.4 nM in June 2015 and 0.8 ± 0.4 nM in Feb-Mar
2018, consistent with previous data reported by Lenes et al. (2001).
Dust deposition also appeared to increase the offshore concentrations of dMn, dPb and
TDPb across the entire transect relative to Feb-Mar 2018 (Figure 2.2), consistent with the
composition of Saharan dust (Eglinton et al. 2002; Guieu et al. 2002).While the differences in dPb
and dMn concentrations between June 2015 and Feb-Mar 2018 were statistically significant (ttest, p £ 0.01), the magnitude of change between cruises was considerably lower compared to Fe
(Table 2.1). Given that the TDFe in the June 2015 offshore transect was especially high in the low
salinity band at the edge of the WFS (Figure 2.3a), riverine TDFe may also have contributed to
the elevated offshore concentrations. Similarly, elevated dMn offshore may reflect a combination
of both dust deposition and entrainment of river discharge into the LC in June 2015. A stronger
relationship with salinity for dFe, dMn, and dPb in the Feb-Mar 2018 cruise compared to June
2015 (Table C6) further supports a non-riverine source of these metals to surface waters in June
2015. Disentangling the various sources of trace metals in this region in future studies would be
aided by the measurement of additional parameters, such as aluminum, radiogenic isotopes, select
rare-earth elements, and/or stable isotope ratios of trace metals.
Dissolved Fe concentrations across the WFS were strongly coupled to organic ligand
concentrations (Figure 2.6a). The total concentrations of Fe-binding ligands observed offshore
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were comparable between the two seasons sampled, with average [LFe] of 2.84 ± 0.40 and 2.50 ±
0.58 nM in the June 2015 and Feb-Mar 2018, respectively (Table 1). However, excess ligand
([eLFe] = [LFe] – [dFe]) concentrations, visualized as the distance between open squares and closed
circles in Figures 2.4a-c, were significantly (t-test, p £ 0.01) higher in Feb-Mar 2018 (2.17 ± 0.55
nM) compared to June 2015 (1.15 ± 0.32; Table 2.1). Since there is no real change in total Febinding ligand concentrations ([LFe]) between seasons, the difference in excess Fe-binding ligand
concentrations ([eLFe]) primarily reflects the increase in average offshore [dFe] to 1.69 ± 0.44 in
June 2015 from 0.27 ± 0.18 nM in Feb-Mar 2018. In this way, Fe-binding ligands may serve as a
buffer for the dust-derived Fe in summer surface waters of the WFS.
The conditional stability constants of the Fe-binding ligands in the eastern GoM were
also significantly (t-test, p £ 0.01) different between seasons. Offshore log K FeL,Fe' averaged 12.3
cond

± 0.19 in June 2015, compared to 11.71 ± 0.22 in Feb-Mar 2018 (Table 2.1; Figure 2.4a, 2.4b). In
situ ligand production by heterotrophic bacteria in response to dust deposition has been inferred
previously in the Mediterranean (Wagener et al. 2008). Trichodesmium spp., which was abundant
across the June 2015 transect (P.D. Chappell, pers. comm.), has been shown in culture studies to
colonize around dust particles leading to siderophore production by associated bacteria (Rubin et
al. 2011; Basu et al. 2019; Gledhill et al. 2019). The ferrioxamine siderophores produced within
colonies of Trichodesmium (Basu et al. 2019) include hydroxamate functional groups to complex
Fe that may be expected to have conditional stability constants consistent with the average log
cond
K FeL,Fe'
of 12.3 ± 0.19 measured here (Barbeau et al. 2003). On the other hand, the CLE-AdCSV

method used for the Fe-binding ligand analyses cannot confirm structural characteristics of these
ligands, and there was no evidence for an increase in concentration of Fe-binding ligands
associated with the elevated conditional stability constants observed (Figure 2.4; Table C5). Thus,
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cond

the observation of an increase in log K FeL,Fe' associated with a decrease in [eLFe] may reflect an
artifact in the interpretation of the CLE-AdCSV data, whereby a portion of the dFe pool that is
unexchangeable with the added competitive ligand SA (e.g. inert inorganic Fe colloids) is
cond

interpreted as Fe bound to a ligand with elevated log K FeL,Fe' (Gledhill and Buck 2012). Recent
work has suggested that the effective complexation capacity ( α ʹML ) is the most appropriate metric
for comparing speciation results in samples with different total metal concentrations (Gledhill and
Gerringa 2017). Comparison of α ʹFeL,Feʹ across both cruises demonstrated a significantly higher (ttest, p £ 0.01) complexation capacity of Fe-binding ligands offshore in June 2015 relative to FebMar 2018 (Table 2.1;Table C5).
Dust deposition in general is associated with initial increases in colloidal Fe (AguilarIslas et al. 2010; Fishwick et al. 2014), some of which may be solubilized by strong Fe-binding
organic ligands while any remaining colloidal inorganic Fe is lost to re-aggregation and
precipitation (Fishwick et al. 2014). Elevated colloidal Fe in Atlantic surface waters impacted by
cond

dust deposition has similarly been associated with elevated log K FeL,Fe' at low [eLFe] in CLEAdCSV data (Cullen et al. 2006; Fitzsimmons et al. 2015a). Our data are inconclusive as to
whether the observed changes in Fe-binding ligand characteristics during dust deposition in June
2015 reflect increases of inorganic Fe colloids, production of strong Fe-binding organic ligands
like siderophores, or some combination of the two. However, the observed stabilization of a
portion of the Fe delivered via dust deposition by ambient Fe-binding ligands, leading to increased
dFe in June 2015 surface waters (Table 2.1), highlights the important role that strong Fe-binding
ligands play in maintaining Fe in the upper water column following dust deposition events
(Aguilar-Islas et al. 2010; Fishwick et al. 2014).
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2.3.4 Seasonal changes in bioavailable Cu and implications for Cu toxicity offshore in summer
The distributions of Cu-binding organic ligands on the WFS were distinct from those
of Fe-binding organic ligands. The bioavailability of Cu to microorganisms is a function of free,
hydrated Cu2+ concentrations in seawater, which can be calculated from CLE-AdCSV results
(Moffett and Dupont 2007). In the Feb-Mar 2018 offshore samples and in the nearshore samples
from both seasons, Cu-binding organic ligands were present in large excess of dCu concentrations,
and bioavailable Cu2+ concentrations were low (<10-13 M; Figure 2.4m-o). Offshore in June 2015,
however, the concentrations of Cu-binding ligands dropped very close to dCu concentrations
(indicated by open squares being eclipsed by filled circles in Figure 2.4d). In ~30% of offshore
samples, concentrations of LCu fell below dCu concentrations, resulting in negative excess ligand
ʹ
values (Figure 2.4d; Table C5). The Cu-binding ligand complexation capacity ( αCuL,Cu
2+ ) was

significantly lower (t-test, p £ 0.01) offshore during the June 2015 cruise relative to Feb-Mar 2015
(Table 2.1; Figure 2.4; Table C5). The resulting free Cu2+ concentrations were nearly 10-fold
higher in the offshore surface waters during June 2015 compared to Feb-Mar 2018 (Table 2.1).
The highest offshore [Cu2+] was 3.4 pM (log[Cu2+] = -11.47; Table C5).
This decline in Cu-binding ligands and associated increase in Cu2+ concentrations
observed in the eastern GoM may reflect photodegradation of Cu-binding ligands in June 2015
surface waters. Concentrations of Cu-binding organic ligands observed offshore in Feb-Mar 2018
were comparable to those reported for surface waters of the North Atlantic in fall 2010 from the
U.S. GEOTRACES program, while June 2015 concentrations were slightly lower (Table 2.1;
(Jacquot and Moffett 2015)). A 14-month time-series of Cu speciation conducted in the Sargasso
Sea also observed a decline in Cu-binding ligands in the upper water column during summer
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months, which was attributed to photochemical degradation of organic ligands in stratified surface
waters, resulting in Cu2+ concentrations as high as 6 pM (log[Cu2+] = -11.22) in July (Moffett
1995).
The observed seasonal variability of offshore Cu2+ concentrations may lead to
ecological impacts on cyanobacteria communities in summer surface waters of the GoM. Several
surface samples in June 2015 had Cu2+ concentrations that approached levels that result in 50%
growth inhibition of marine cyanobacteria species in culture studies (Figure 2.4m; (Brand et al.
1986)). Furthermore, the concentrations of Zn and Mn, which can ameliorate Cu toxicity (Rueter
et al. 1981; Stoecker et al. 1986; Sunda and Huntsman 1998), were 100-fold (Zn) and 5-fold (Mn)
lower in our samples than in the Brand et al. (1986) experiments. This suggests lower tolerances
for free Cu2+ might be expected for cyanobacteria in this system. Previous work in the Sargasso
Sea has demonstrated that seasonal changes in Cu2+ alters the distributions of Synechococcus and
Prochlorococcus in surface waters (Mann et al. 2002). While we did not assess seasonal
differences in the abundances of Synechococcus and Prochlorococcus in our GoM study, we did
observe Trichodesmium in June 2015 surface waters. Culture studies suggest Trichodesmium spp.
have higher tolerances for Cu2+ than the other cyanobacteria (Rueter et al. 1979) and
Trichodesmium colonies are common in summer GoM surface waters (King 1950), typically in
association with dust deposition events (Lenes et al. 2001).
The suspected photodegradation of Cu-binding ligands offshore in June 2015 was not
observed for Fe-binding ligands, which remained in excess of dFe and were largely constant in
concentration across the two sampling seasons (Figure 2.4; Table 2.1). A previous study
demonstrated that Fe-binding ligands in surface waters of the GoM were highly susceptible to
photodegradation, with ligand concentrations decreasing rapidly through the day in shipboard
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incubations of filtered water (Powell and Wilson-Finelli 2003). That study also reported increases
in ligand concentrations in the early morning and evening, and no discernible degradation of Febinding ligands in field samples, leading to the conclusion that production or release of Fe-binding
organic ligands may mask any photodegradation of these ligands in GoM surface waters (Powell
and Wilson-Finelli 2003).

2.3.5 Influence of humic-like substances on Fe-and-Cu speciation
The concentrations of Fe-binding HS-like ligands were measured as a proxy for
terrestrially derived ligands on the WFS. Overall, a strong relationship between salinity and Febinding HS-like ligand concentrations (R2= 0.80) was observed in both seasons (Figure 2.6i; Table
C6), consistent with a nearshore riverine origin of these ligands. In the offshore waters in June
2015, Fe-binding HS-like ligand concentrations were also slightly elevated at the edge of the WFS
(Figure 2.4g) in the lower salinity feature associated with LC entrainment of northern GoM river
discharge. Notably, SRHA is a Cu-binding ligand as well, and Fe has been shown to compete with
Cu for the electroactive binding sites of SRHA, suggesting the cycling of both metals may be
influenced by the presence of HS-like ligands in natural systems (Whitby and van den Berg 2015).
We used the metal-binding capacity for the standard SRHA of 30.6 nmol Fe/mg SRHA for Fe
(Laglera and Van Den Berg 2009) with salinity corrections by Yang et al. (2017), and 18 nmol
Cu/mg SRHA for Cu (Whitby and van den Berg 2015) to convert the Fe-binding HS-like ligand
(Fe HS-like L) concentrations measured in our study from μg L-1 to nanomolar-equivalents L-1
(nM-Eq) for each metal in Figure 2.7. Conversion to nM-Eq units allows direct comparison of the
concentration of Fe-binding HS-like ligands to the Fe-and-Cu-binding ligand concentrations
measured by CLE-AdCSV, assuming these ligands were within the analytical window employed.
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The data from the two surveys showed a quasi-linear relationship between Fe HS-like
ligand concentrations and total organic ligands for both Fe and Cu (R2=0.64 and 0.78 respectively;
p <<0.01; simple linear regression). The concentrations of LFe, LCu, and Fe-binding HS-like ligands
were all elevated nearshore and decreased rapidly moving offshore (Figure 2.4). Consistent with
previous studies (Batchelli et al. 2010; Abualhaija et al. 2015), HS-like ligands may be especially
important for dFe solubility in the Tampa Bay estuary, as Fe-binding HS-like ligand concentrations
were equal to or greater than the total Fe-binding ligand concentrations measured in the two June
2015 samples with the lowest salinities and highest dFe (Figure 2.7e; Table C2; Table C3; Table
C5 ). Other than these two samples, however, LFe concentrations were substantially higher than
the nM Eq of Fe-binding HS-like ligands across the June 2015 and Feb-Mar 2018 transects (Figure
2.7e), suggesting marine LFe were not fully represented by Fe-binding HS-like ligands and that the
nearshore WFS serves as a transition zone between terrestrial and marine Fe-binding ligand pools.
While only Fe-binding HS-like ligand concentrations were quantified, they were better
correlated with total concentrations of Cu-binding ligands (simple linear regression; R2=0.78; p
<<0.01) than Fe-binding ligands (Figure 2.7e, 72.f). However, Fe-binding HS-like ligands
accounted for only a small fraction of total Cu-binding ligands nearshore (Figure 2.7f). Offshore,
the relationship between Fe-binding HS-like L and LCu approached 1:1 (Figure 2.7f) with a nearzero intercept, and Fe-binding HS-like L could account for nearly all of LCu in these waters. Thus,
terrestrial ligands may be important for Cu speciation offshore in this region and, given the
photoreactivity of humic substances (Kieber et al. 1990), may have contributed to the observed
seasonal difference in offshore LCu concentrations that were attributed to the photodegradation of
Cu-binding ligands.
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Overall, Fe-binding HS-like ligands were detectable in all samples and were present at
concentrations similar to previous studies (Laglera and Van Den Berg 2009; Bundy et al. 2014,
2015; Abualhaija et al. 2015; Dulaquais et al. 2018; Slagter et al. 2019). The observed positive
correlations between Fe-binding HS-like ligands and both LFe and LCu in our study indicate that
HS-like ligands likely accounted for at least some portion of the ligand pools of both elements
(Figure 2.7e, 2.7f). And yet, the reported conditional stability constants of SRHA for Fe (log
cond
cond
= 11.1 ± 0.2, Laglera and van den Berg 2009) and Cu (log KCuSRHA,Cu
K FeSRHA,F
2+ = 12.0 ± 0.1,
eʹ

Whitby and van den Berg 2015) were much lower than the average values determined for LFe
(12.25 ± 0.41; Table C5) and LCu (13.59 ± 0.51; Table C5) across the June 2015 and Feb-Mar 2018
transects. This suggests either that the non-HS-like Fe- and Cu-binding ligands averaged much
higher conditional stability constants or that HS-like ligands were relatively small contributors to
these ligand pools.

2.4. Summary and Conclusions
This work serves as a baseline study of seasonal changes in the concentrations of
bioactive trace metals and metal-binding organic ligands along the WFS. Surface water transect
data revealed significant differences in Fe, Mn, Ni, and Pb concentrations offshore between a
winter and summer season. The difference in concentrations of these metals were likely driven by
seasonal changes in dust deposition (Fe, Mn, Pb) and entrainment of northern GoM riverine
discharge in the LC advected to the outer WFS (Ni, Mn). The extensive northern intrusion of the
LC in the month of June prior to the 2015 cruise appeared to facilitate this entrainment, leading to
elevated concentrations of most bioactive trace metals measured.
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Divergent processes impacted the cycling of organic ligands binding Fe and Cu,
indicating that these two ligand pools were largely distinct. The offshore concentrations of LFe
were relatively constant between seasons, and excess Fe-binding ligands served as a buffer for
maintaining a portion of dust derived dFe in surface waters, though higher conditional stability
constants observed offshore in summer suggest possible Fe-binding ligand production in response
to dust deposition. In contrast, organic Cu-binding ligands decreased offshore in June 2015,
resulting in significantly higher bioavailable Cu2+ concentrations reaching growth-inhibitive levels
for small cyanobacteria. Both the total Fe-and Cu-binding ligand concentrations had strong
positive relationships with Fe-binding electroactive humic-like ligands. A comparison of Febinding ligand measurements with Fe-binding HS-like ligands suggests they are not a dominant
component of the ligand pool observed offshore but may comprise a substantial portion of the
ligand pool in the estuarine waters of Tampa Bay. On the other hand, our data suggest that HSlike ligands may be more important contributors to the Cu-binding ligand pool offshore, where
concentrations of both Fe-binding HS-like ligands and Cu-binding ligands were low but nearly
equal. These speciation data suggest that differing characteristics of the organic ligands binding
Fe and Cu in the eastern GoM results in variable resistance to photochemical degradation or other
fundamental differences in the ligand cycling processes between these two ligand pools.
Finally, the offshore concentrations of dissolved trace metals and metal-binding ligands
generally agreed well with previous observations from the western Atlantic. Differences in
offshore concentrations of some trace metals and metal bioavailability were attributed to seasonal
differences in dust deposition, proximity and entrainment of riverine sources, and photochemical
degradation of Cu-binding organic ligands. The LC represents an efficient physical transport
mechanism between the waters of the eastern GoM with the North Atlantic via the Florida Current-
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Gulf Stream, suggesting that processes influencing metal bioavailability in this region may have
impacts well beyond the WFS.
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Table 2.1. A table of the average values and standard deviations of dissolved trace metal concentrations and speciation data between
winter and summer seasons in the offshore and nearshore sections of each survey. Offshore is defined as all measurements west of
83.05°W and nearshore as all measurements to the east. An additional column is added with the average concentrations of each
measurement for the upper 30 m of the GA02 transect from 10°N –30° N (stations 21–35). ‘nda’ indicates parameters not available in
GEOTRACES intermediate data product.
Offshore
June 2015
Feb-Mar 2018
1.69 ± 0.44*
0.27 ± 0.18*‡
1.41 ± 0.26†
1.48 ± 0.27‡
†
4.92 ± 1.10*
2.73 ± 0.18*
0.26 ± 0.24
0.19 ± 0.19
58 ± 18†
59 ± 9‡
2.45 ± 0.17*†
2.19 ± 0.16*
9.2 ± 6.8†
5.4 ± 2.4‡
19.8 ± 3.4*
15.5 ± 2.3*
18.9 ± 12.5
23.3 ± 8.1
2.84 ± 0.40
2.50 ± 0.58
1.15 ± 0.32*
2.17 ± 0.55*
12.40 ± 0.19*†
11.71 ± 0.22*
3.45 ± 0.11*
3.05 ± 0.23*
-12.63 ± 0.13
-12.77 ± 0.3
1.82 ± 0.72
2.55 ± 1.26
0.42 ± 0.68
1.07 ± 1.03

Nearshore
June 2015
Feb-Mar 2018
6.86 ± 2.32
7.57 ± 2.07
3.76 ± 1.45
3.64 ± 0.95
13.4 ± 2.9
15.3 ± 6.4
1.15 ± 0.60
1.30 ± 1.0
281 ± 123
239 ± 60
3.84 ± 0.71
3.48 ± 0.40
81.1 ± 33.1
97.8 ± 29.1
23.9 ± 2.8
27.8 ± 7.5
202 ± 181
125 ± 70
8.28 ± 2.94
8.67 ± 2.25
1.42 ± 0.66
1.38 ± 0.66
12.53 ± 0.22
12.5 ± 0.29
3.63 ± 0.24
3.60 ± 0.22
-12.61 ± 0.22
-12.58 ± 0.22
12.76 ± 6.75
15.02 ± 4.8
9.45 ± 5.75
11.38 ± 4.02

Measurement
dFe (nM)
dCu (nM)
dMn (nM)
dZn (nM)
dCo (pM)
dNi (nM)
dCd (pM)
dPb (pM)
HS-like L (μg L-1)
LFe (nM)
eLFe (nM)
log Kcond
FeL,Fe'
log !′FeL,Fe'
log [Fe']
LCu (nM)
eLCu (nM)
log Kcond
13.85 ± 0.31
13.91 ± 0.40
13.31 ± 0.50
13.09 ± 0.36
CuL,Cu2+
log !′CuL,Cu2+
4.34 ± 0.35*
4.81 ± 0.34*
5.15 ± 0.13
5.10 ± 0.16
2+
log [Cu ]
-12.83 ± 0.70*
-13.65 ± 0.29*
-13.65 ± 0.22
-13.55 ± 0.19
a
GA03 (stations 10–22, upper 40 m) data was used due to no data available for measurement from GA02
b
data collected from measurements of Gerringa et al. (2015).
* Significant difference (t-test, p £ 0.01) between Feb-Mar 2018 and June 2015 cruises.
†
Significant difference (t-test, p £ 0.01) between June 2015 and GEOTRACES observations.
‡
Significant difference (t-test, p £ 0.01) between Feb-Mar 2018 and GEOTRACES observations.

GEOTRACES (GA02)
30 m, 10°N –30° N
1.15 ± 1.26‡
0.88 ± 0.08a† ‡
2.92 ± 0.66†
0.34 ± 1.17
29.7 ± 9.6† ‡
2.06 ± 0.13†
1.1 ± 1.0† ‡
22.8 ± 15.3
nda
2.10 ± 0.92b
1.27 ± 0.74b
11.99 ± 0.29b†
nda
nda
2.33 ± 0.78a
1.64 ± 1.01a
13.67 ± 0.37a
nda
nda
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Mississippi-Atchafalya
Gulf Stream

Loop Current

Florida Current

GA02

Figure 2.1. Overview schematic of the broader Gulf of Mexico region. The dominant current
systems of the Loop Current, Florida Current, and Gulf Stream are indicated and overlay daily
gridded sea surface height data from AVISO (www.aviso.altimetry.fr) for June 4th, 2015. Plotted
alongside the physical current systems is the cruise track of the June 2015 transect (solid black
line) and the GEOTRACES Atlantic GA02 section stations (black dots).
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Figure 2.2. Sampling locations and hydrographic, chlorophyll a, and macronutrient data for June
2015 (left column) and February-March 2018 (right column). A map of the study region and
sampling locations for the June 2015 (a) and Feb-Mar 2018 (b), with black dots indicating stations
used in the offshore transect, white dots for the alongshore transect, and the grey dot shared
between the two transects. Grey contour lines represent bathymetric contours (50, 100, 300, 1000,
3000 m). The blue colored contours represent daily gridded satellite sea surface height (SSH) from
AVISO (www.aviso.altimetry.fr). Salinity (black circles), and temperature (blue triangles)
recorded at the discrete sampling times, with colored lines indicating the continuous flow-through
data, from June 2015 (c) and Feb-Mar 2018 (d, e). Chlorophyll a from the calibrated flow-through
fluorescence (black circles and line) is reported for the June 2015 offshore transect (f) and discrete
chlorophyll a (blue triangles) measurements are presented for the Feb-Mar 2018 offshore (g) and
alongshore (h) transects. Nitrate+nitrite (N+N; black circles), silicic acid (open squares), and
soluble reactive phosphorus (“phosphate”; blue triangles) are presented for the June 2015 (i) and
Feb-Mar 2018 (j, k) transects. The shaded regions in each panel represent the three distinct regimes
of the nearshore (“NS”), West Florida Shelf (“WFS”), and the Loop Current (“LC”) reasoned from
the temperature, salinity and satellite sea surface height data. Vertical dotted lines in the June 2015
transect indicate a region of low salinity (S<37) attributed to entrainment of river discharge around
the LC. The dashed grey line labeled “TB” in the alongshore transect indicates the location of the
mouth of Tampa Bay. The arrows in panels (a) and (b) indicate the longitudinal (black solid arrow)
and latitudinal (red dashed arrow) orientations of the transects.
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Figure 2.3. Dissolved and total dissolvable trace metal concentrations from the West Florida Shelf
in June 2015 and in February/March 2018. Dissolved (blue circles) and total dissolvable (open
squares) iron (Fe; a-c), copper (Cu; d-f), manganese (Mn; g-i), zinc (Zn; j-l), cobalt (Co; m-o),
nickel (Ni; p-r), cadmium (Cd; s-u), and lead (Pb; v-x) for the June 2015 offshore transect (left),
and the Feb-Mar 2018 offshore (middle) and alongshore (right) transects. The shaded regions
represent the nearshore (“NS”), West Florida Shelf (“WFS”), and the Loop Current (“LC”)
regimes. Vertical dotted lines define the region of low salinity (S<37) observed offshore in June
2015. The dashed grey line labeled “TB” in the alongshore transect indicates the mouth of Tampa
Bay. The numbered arrows in panels a–c provide total dissolvable Fe concentrations that are
beyond the y-axis scale.
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Figure 2.4. Organic metal-binding ligand concentrations from the West Florida Shelf in June 2015
and February/March 2018. Concentrations of dissolved (blue circles) iron (Fe; a-c) and copper
(Cu; d-f) are plotted with dissolved organic ligand concentrations (open squares) for each metal
during the June 2015 offshore transect (left), and the Feb-Mar 2018 offshore (middle) and
alongshore (right) transects On the secondary axis (right) is plotted the conditional stability
cond
constants ( K FeL,F
) for each sample (a–c; red triangles) or the complexation capacities !´!"#,!"!"
eʹ
(d–f; red diamonds). Error bars represent 95% confidence intervals in the model output for both
the concentration of ligands and the conditional stability constants. The concentrations of
electroactive Fe-binding humic-like ligands are shown for the June 2015 offshore (g), Feb-Mar
2018 offshore (h), and alongshore (i) transects. Values of log [Fe´] (j-l) and log [Cu2+] (m-o) were
calculated from dissolved metal concentrations and the determined organic ligand concentrations
and conditional stability constants for each metal. Vertical dotted lines define the region of low
salinity (S<37) observed offshore in June 2015. The horizontal red dotted line in the log [Cu2+]
panels represents the threshold observed by Brand et al. (1986) for 50% growth inhibition of
cyanobacteria in cultures. Gray vertical dashed line indicates the mouth of Tampa Bay (TB).
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Figure 2.5. Satellite chlorophyll a concentrations (mg m-3) and sea surface height (SSH) data in
the days before and during each cruise. Each panel displays the daily chlorophyll a field from
AQUA MODIS (worldview.earthdata.nasa.gov) superimposed over contour lines (0, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2 m) of daily gridded sea surface height (SSH) from AVISO (www.aviso.altimetry.fr).
The left panels show the surface conditions 13 days prior to the June 2015 cruise (a) and the state
during the transect (b), with the black circles indicating the sampled region. The right panels show
the surface ocean conditions 10 days prior to the Feb-Mar 2018 cruise (c) and the conditions
observed during the transect (d), with the black circles representing the sampled region.
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Figure 2.6. Surface concentrations of dissolved trace metals iron (Fe; a), copper (Cu; b),
manganese (Mn; c), zinc (Zn; d), cobalt (Co; e), nickel (Ni; f), cadmium (Cd; g), lead (Pb; h), and
Fe-binding humic-like ligands (Fe HS-like L; i) plotted against salinity from the West Florida Shelf
in June 2015 (blue fill) and February/March 2018 (no fill). Unique markers are selected for each
hydrographic region; circles represent samples collected in the nearshore (NS), squares within the
West Florida Shelf (WFS), and triangles within the Loop Current (LC). The dotted line represents
a simple linear regression with the R2 value reported for each metal across both seasons. Error bars
represent the standard deviation in replicate analyses or the average relative standard deviation of
all samples measured in replicate for each metal and the error associated with the method of
standard addition for Fe-binding humic-like substances.
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Figure 2.7. The concentration of dissolved iron- and copper-binding ligands (LFe, LCu) as a
function of dissolved iron (Fe; a), dissolved copper (Cu; b), Fe-binding humic-like ligands (e, f).
Excess ([eLM] = [LM] – [dM]) Fe- and Cu-binding ligands (eLFe, eLCu) are plotted as a function of
dissolved Fe (c), dissolved Cu (d), and Fe-binding humic-like ligands (Fe HS-like L; g, h). The
dotted line in each panel is a 1:1 line for reference. The solid lines represent orthogonal distance
regressions for both June 2015 and Feb-Mar 2018 samples with the equation with the lowest sum
of squares reported.
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Chapter III:
Using shipboard incubations to assess the cycling of iron (Fe) and Fe-binding ligands in
hydrothermal vent plumes along the mid-Atlantic Ridge
Note to reader:
This work was a collaborative effort with other scientists; the analytical contributions
in this work include incubation setup and sampling, quantification of trace metal concentrations,
and iron speciation measurements.

3.0 Abstract
Hydrothermal vent systems contribute a substantial amount of dissolved iron (Fe) to
the deep sea, some of which persists across basin-scale distances in neutrally buoyant plumes.
Constraining the processes that stabilize Fe far-field of these vent systems is necessary to
determine the impact of hydrothermally derived Fe on global biogeochemical cycles. Here, we
examine these processes in four shipboard incubation experiments carried out using water
collected from the hydrothermal plumes of Rainbow, TAG and Lucky Strike vent fields along the
Mid Atlantic Ridge during the GEOTRACES cruise GA13 (JC156). Incubations were sampled for
soluble (<0.02 μm), dissolved (<0.2 μm), and total dissolvable trace metals, as well as for soluble
and dissolved Fe speciation, over a period of 1–3 weeks. Dissolvable, dissolved, and soluble metal
samples were measured by inductively coupled plasma-mass spectrometry (ICP-MS). Dissolved
and soluble Fe speciation was determined by a combination of forward and reverse titrations using
competitive ligand exchange-absorptive cathodic stripping voltammetry (CLE-AdCSV).
Observations indicate these vents are a source of dissolved Fe-binding ligands above background
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deep ocean concentrations but these ligands appear to be lost early in plume formation through
aggregation with particles. High dissolved and soluble Fe concentrations were maintained by a
large colloidal fraction and exchange between soluble, colloidal, and particulate phases. Further
afield from the vent source and over longer timescales, soluble Fe-binding ligand production was
observed followed by the solubilization of labile particulate and colloidal Fe fractions. Together,
these incubation results highlight how dynamics between Fe particles and ligands at various stages
of plume evolution influence dissolved and soluble Fe concentrations in deep ocean vent systems.

3.1 Introduction
Iron (Fe) is a globally important micronutrient, limiting primary production in up to
40% of the surface ocean (Moore et al. 2002). As a result, delivery of this trace metal to Fe deficient
regions, in particular the Southern Ocean, has the capacity to influence the global carbon cycle
(Martin 1990). Dust deposition has largely been considered the major source of Fe to the remote
surface ocean (Johnson et al. 1997; Moore et al. 2004). More recently, however, hydrothermal
vents have been shown to play an important function in the cycling of Fe in the deep ocean, with
influence on carbon export in the Southern Ocean through physical mixing that can transport a
portion of this deep Fe to Fe-limited surface waters (Tagliabue et al. 2010; Resing et al. 2015;
Ardyna et al. 2019).
Hydrothermal systems throughout the deep ocean represent a stark physical and
chemical boundary. When hot (~350 °C), acidic, and reduced hydrothermal fluid is expelled at the
base of a cool (~2–4 °C) and stratified ocean water-column it rises buoyantly. Shear between the
rising buoyant plume (BP) and the stratified ocean water creates turbulent eddies that continuously
mix the plume with the surrounding seawater, reducing the plumes buoyancy as it rises (Turner
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1979). At a dilution ratio of ~10,000 the plume is sufficiently mixed to become neutrally buoyant
(Lupton et al. 1985), and is transported laterally from the vent site via local currents. At this point,
the majority of Fe (40–90%) present in the vent fluid is precipitated as large sulfide and
oxyhydroxide particles (Campbell et al. 1988; Mottl and McConachy 1990; German et al. 1991;
Rudnicki and Elderfield 1993), but some portion of Fe remains at the neutrally buoyant plume
(NBP) height and is transported far-field of these vent sites contributing to the deep ocean.
Field observations have demonstrated far-field dispersion of vent sourced Fe (Klunder
et al. 2011; Wu et al. 2011; Kondo et al. 2012; Nishioka et al. 2013; Resing et al. 2015;
Fitzsimmons et al. 2017), in some cases hundreds to thousands of kilometers away from the ridge
axis. The two mechanisms proposed to explain this dispersion include the formation of small
inorganic nanoparticulate colloids and/or the stabilization of Fe through complexation and
interaction with Fe-binding organic ligands. The formation of small (<0.2 µm) inorganic
nanoparticles occurs in regions where rates of nucleation exceed the growth rates of the particles
themselves, and the boundary systems created at hydrothermal vents are a prime candidate for
such a system (Hochella et al. 2008). These small particles have been shown to be more resistant
to oxidation processes than their large particulate forms (Hochella et al. 2008; Gartman and Luther
2014), observed in vent systems across the global ocean (Gartman et al. 2014), and may not be
subject to the same sinking velocities as larger particles (Yücel et al. 2011). Several studies have
also shown that hydrothermal vents appear to be a source of natural Fe-binding ligands above
background deep ocean concentrations (Bennett et al. 2008; Sander and Koschinsky 2011; Hawkes
et al. 2013a; Kleint et al. 2016). Evidence of biological upregulation of uptake genes and
siderophore synthesis genes within a hydrothermal plume suggests organic complexation as a
mechanism for stabilization of Fe in the dissolved phase (Li et al. 2014). A combination of these
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two mechanisms may be responsible for observations of the low density organic matrices of
particles observed in far-field of vent plumes (Fitzsimmons et al. 2017).
Here we present the results from four incubation experiments conducted on the GA13
cruise examining Fe cycling in hydrothermal plume systems. The incubations were conducted with
unfiltered and filtered (<0.2 µm) water near-field from the vent sites of Rainbow and TAG and
unfiltered water from Lucky Strike and far-field of Rainbow along the Mid-Atlantic Ridge.
Samples were collected over 6–22 days for total dissolvable (unfiltered, acidified; green circles),
dissolved (<0.2 µm; yellow) and soluble (<0.02 µm; red) trace metal concentrations (circles), and
for dissolved and soluble Fe-binding ligands (triangles). These experimental studies allow
examination of the role of particles and organic ligands within these Fe-rich hydrothermal plumes.
3.2 Methods
3.2.1 Incubation locations, setup, and sampling
Three vent systems (Lucky Strike, Rainbow, and TAG) along the Mid-Atlantic Ridge
were sampled on the RSS James Cook (JC156, GEOTRACES cruise GA13) between 20 December
2017 and 1 February 2018. A map of the cruise track, study site location, and the CTD cast
initiating each incubation is presented in Figure 3.1. Samples were collected using a titanium frame
with 24-way rosette equipped with trace metal clean 10 L OTE (Ocean Test Equipment) x-Niskin
bottles. Hydrothermal plumes were identified using a CTD-mounted light scatter sensor (LSS) as
an optical proxy for particles and an oxidation-reduction potential (ORP) sensor for detection of
reduced species contributed from vent fluid end members.
The Lucky Strike vent field is located at 37°17’ N, 32°20’ W over the Azores hotspot
at relatively shallow depths (1600-1700 m), and has an enriched oceanic crust source rock
composition (Langmuir et al. 1997). The Lucky Strike incubation was initiated at 37°17.352 N,

45

32°16.575 W (Station 7), closest to the US4 and Isabel/MeSH vent sites (Pester et al. 2012). The
water was collected from the remainder of three OTE bottles tripped within the depths 1660 m and
1678 m inside the plume identified by ORP and LSS anomalies (Figure 3.1a, 3.1b). This incubation
consisted of a single unfiltered carboy that was sampled over 22 days.
The Rainbow vent field is an ultra-mafic host rock system located at 36°13.8’ N,
33°54.15’ W at 2300 m depth (German et al. 1998; Charlou et al. 2002, 2013; Douville et al. 2002;
Konn et al. 2009; Seyfried et al. 2011). The vent field consists of ~10 black smokers with the
lowest endmember pH (~2.8), highest temperatures (365°C), and highest chloride concentrations
(~750 mM) of any vent system along the Mid Atlantic Ridge (Douville et al. 2002). The
combination of these factors are believed to result in the uniquely high concentrations of Fe and
Mn observed in the vent fluids, with the highest dissolved Fe concentrations of any vent fluid
characterized to date (Seyfried et al. 2011). The Rainbow vent field is also distinguished by high
H2 concentrations, elevated methane (CH4), and other abiotically formed aliphatic organics
produced through the Fischer-Tropsch reactions (Holm and Charlou 2001; Charlou et al. 2002,
2013; Konn et al. 2009).
The Rainbow near-field (NF) incubation was started at 36°13.8’ N, 33°54.12’ W
(Station 16.2) using water collected from a single depth (2240 m) inside a large ORP and LSS
anomaly (Figure 3.1c). A positive temperature anomaly at the sample depth indicates the parcel
captured was within a buoyant plume (Figure 3.1d). Water from these bottles was separated into
two separate carboys, one filtered (0.2 μm) and one unfiltered. This incubation was sampled over
a period of one week (Figure 3.2).
The Rainbow far-field (FF) incubation was started ~10 km southwest of the near-field
incubation (Station 17), within the rift valley located at 36°9.95’ N, 33°59.0’ W. This incubation
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consisted of unfiltered water from 2000 m depth, within an observed LSS anomaly but no ORP
anomaly (Figure 3.1e, 3.1f). The incubation was sampled over a period of 19 days.
The TAG vent field sits ~1000 m deeper than Rainbow at 3620 m water depth (Tivey
2007). It consists of a large sulfide mound containing of multiple chimneys emitting vent fluids at
~360°C in a very well-focused buoyant black smoker plume (Rona et al. 1986). The TAG
incubation was initiated at 26°08.307’ N, 44°49.531’ W (Station 35.2) in the neutrally buoyant
plume, as indicated by LSS and ORP anomalies and a negative temperature anomaly (Figure 3.1g,
3.1h). The plume sampled for this incubation spanned a vertical region of ~200 m and water was
collected from four depths between 3344 m and 3263 m. Water from these depths was combined
to fill two carboys: the unfiltered treatment carboy from 3344 m and 3277 m, and the filtered
treatment carboy from 3346 and 3263 m. The TAG incubation was sampled over a 6-day period,
and sampling resolution mirrored that of the Rainbow near-field incubation.
Incubations were carried out in 20 L polycarbonate (PC) carboys that had been acid
cleaned 10% v/v (1.2 M) with Super Purity™ (Romil-SpA) hydrochloric acid (HCl), rinsed, and
filled with Milli-Q (MQ; >18.2 MΩ cm) until use. In preparation for the experiments, MQ was
drained and the carboy was rinsed three times with a small volume of water to be incubated in it.
Following the sample rinse the carboy was either (a) filled with unfiltered water (draining the OTE
bottle directly) or (b) filled with water inline filtered water using a 0.2 μm AcroPakä (Pall) under
1 bar of pressure using nitrogen gas. Filtered and unfiltered treatments were employed in the two
near-field incubations (Rainbow and TAG), whereas Lucky Strike and Rainbow far-field
incubations included only unfiltered treatments. Once filled with either filtered or unfiltered
seawater, the carboys were wrapped in heavy-duty black construction bags and brought to a
temperature-controlled room maintained at 14°C for the remainder of the incubation (Figure 3.2).
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Sampling the carboys was performed in a laminar flow clean hood after the carboy was
inverted at least 3 times to homogenize any settled particles. Subsamples were taken in acidcleaned 2.5 L PC bottle that were cleaned following the same procedure as described for the 20 L
carboys. To minimize cross-contamination, each incubation treatment was assigned a specific PC
bottle, which was reused and not cleaned between sampling times. All sampling, handling, and
preparation of sample bottles were conducted using GEOTRACES protocols for dissolved trace
elements (Cutter et al. 2017). At the time of subsampling, total dissolvable (“TD”) trace metal
samples were collected unfiltered directly from the carboy into acid-cleaned 125 mL low-density
polyethylene (LDPE; Nalgene) bottles. The 2.5 L subsamples for each time point were filtered
through sequential 3 μm and 0.4 μm polycarbonate track etched (PCTE) filters in Teflon filter
holders (Savillex) on a two-stage custom-built filtration rig for dissolved (“d”) samples. The
remaining subsample was filtered through 0.02 μm Anodisc filters for soluble (“s”) samples. A
schematic of the incubation sampling protocol can be found in Figure 3.2. All trace metal
concentration samples were acidified with the equivalent of 2 mL 12 M quartz-distilled HCl
(Romil-UpA) per liter of seawater (0.024 M HCl; pH ~ 1.7–1.8) and stored for at least 6 months
prior to analysis at the University of South Florida.

3.2.2 Quantification of Fe, Mn, V
Quantification of Fe, Mn, and vanadium (V) was achieved by inductively coupled
plasma-mass spectrometry (ICP-MS). Samples were quantified by diluting 80 μL of sample in 4
mL 1N quartz-distilled nitric acid (HNO3) or pre-concentration using a seaFAST-pico system
(ESI) if dFe concentrations were too low (<25 nM) to be accurately quantified by dilution. The
seaFAST used a Nobias PA1â chelating resin at pH 6.2 and eluted from the column with 1N
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quartz-distilled nitric acid (Lagerström et al. 2013). Concentrations of Fe, Mn and V in the
seaFAST eluents and the sample dilutions were measured on an Element XR (Thermo Fisher) ICPMS by standard addition with internal standards of indium and rhodium, using medium resolution
and counting mode at the University of South Florida College of Marine Science. Certified
reference material results for CASS-6, NASS-7 (National Research Council of Canada), and SAFe
D2 (Johnson et al. 2007) are presented in the supporting information (Table D1). Procedural blanks
using the dilution method for V, Mn, and Fe were 0.81 nM, 0.03 nM, and 0.35 nM, respectively,
with a limit of detection (3s of blanks, n=6) of 1.13 nM (V), 0.04 nM (Mn), and 0.09 nM (Fe).
The procedural blanks of the seaFAST method were 57 pM, 2 pM, and 73 pM for V, Mn, and Fe,
and a limit of detection (3s of blanks, n=6) of 73 pM (V), 1.9 pM (Mn), and 50 pM (Fe).

3.2.3 Fe-binding ligands by forward and reverse titration
Filtered (<0.2 µm, dissolved; <0.02 µm, soluble) samples were collected for Fe-binding
organic ligands in 500 mL fluorinated polyethylene (FPE) bottles. Bottles were rinsed with sample
prior to filling and then stored frozen (-20 °C) until analysis at the University of South Florida.
Two different versions of competitive ligand exchange-adsorptive cathodic stripping voltammetry
(CLE-AdCSV) methods for these sample analyses: forward titrations and reverse titrations. The
forward titration method is widely applied in the marine environment, but requires an excess of
organic ligands (i.e. [LFe] > [Fe]) for accurate quantification of ligand characteristics (Gledhill and
Buck 2012). When dissolved Fe concentrations exceed ligand concentrations, ‘reverse titrations’
allow quantification of Fe-binding ligands already bound to ambient Fe by progressively
increasing the concentration of an electroactive ligand until all exchangeable Fe is removed from
the natural ligands (Hawkes et al. 2013b). Our incubations included both conditions, requiring a
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combination of forward and reverse titrations. The difference in detection window between the
forward titration method (a’FeL= 115 ) and the reverse titration method (a’FeL = 0.01–5200) can
present challenges in interpreting samples analyzed with both methods (Hawkes et al. 2013a).
Thus, in our samples where both methods were applied, and curvature was observed in the forward
titration, those results are reported.
Reverse titrations were carried out following the method outlined in Hawkes et al.
(2013b) using the competitive ligand 1-nitroso-2-naphthol (NN) to compete against natural
ligands. The sample titrations were performed using ten 10 mL Teflon vials (Savillex), acidcleaned and conditioned with NN additions ranging from 0.5–40 μM. For analysis, 500 μL of 1.5
M borate buffer made in 0.4 N ammonium hydroxide (Fisher, Optima), cleaned for trace metals
using ChelexÒ 100 resin, was added to 150 mL of sample in an acid-cleaned 250 mL LDPE bottle
(final concentration of 5 mM) to achieve a pH of 8.2 (total scale). The buffered sample was pipetted
into the preconditioned 10 mL vials and, after additions of 0.5–40 μM NN were made, and the
samples were allowed to equilibrate overnight. The following day, the concentration of Fe(NN)3
in each vial was measured by ACSV using a 797VA Computrace (Metrohm) after purging with
N2 for 300 s prior to deposition. A deposition potential of -0.05 V was used with deposition times
ranging from 300-500 s depending on expected Fe concentration. Voltage was scanned from -150
mV to -650 mV at 50 mV s-1 in direct current mode. At the end of each titration, the concentration
of Fe(NN)3 at the final titration point (with 40 μM NN added) was quantified with at least three
standard additions of Fe (2–5 nM, dependent on peak response), representing the maximum
concentration of Fe in each sample that exchanged with the added ligand (Fe(NN)max; henceforth
“labile Fe”). The high Fe concentrations (>100 nM) observed throughout the Rainbow NF
unfiltered treatment required 5-fold dilution with MQ to ensure adequate excess NN (Hawkes et
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al. 2013b; Kleint et al. 2016), and salinity corrected side reaction coefficients for NN were applied
(Gledhill and van den Berg 1994).
The reverse titration data was processed in the software package ECDsoft, and the data
were fit to Eq. (1) using an R package published in Hawkes et al. (2013b).
Eq. (1):

X=

αFe(NN)3
αFe(NN)3
[Fe(NN)3 ]
=(1-J)
+J
FeNNmax
αFe(NN)3 +αFe' αFe(NN)3 +αFe' +Σ(( [Li ]K ' Fe3+ ,L )⁄(1+K Fe3+ ,L [Fe3+ ]))

In Eq. (1) X represents the measured peak current (ip) normalized to the maximum peak current
(ipmax, where all labile Fe is present as Fe(NN)3) and J is the fraction of FeNNmax bound to natural
ligands LFe. Values of [LFe] and Kcond
FeL,Fe' were fitted to the experimental data using the R package
with values of αFe’ = 109.8 and α2344& = 62344& [NN]3, using the 62344& value of 5.12 ´ 1026
(Hawkes et al. 2013b). Modeling of the reverse titration was additionally constrained by requiring
80% of ipmax to be reached in the titration for fitting purposes (Hawkes et al. 2013b).
A forward titration method was also applied to a subset of incubation samples using
CLE-AdCSV, with the competitive ligand salicylaldoxime (SA) used to compete with natural
ligands (Buck et al. 2007, 2012). Titrated samples were buffered with 50 μL of 1.5 M borate buffer
(7.5 mM final concentrations) to a pH of 8.2 (total scale), 15 additions from 0–10 nM Fe were
made, and 25 μM of SA was used (Buck et al. 2018). Metal additions were allowed to equilibrate
overnight, and SA additions were equilibrated at least 1 hour before analysis at laboratory
temperatures of ~20°C (Buck et al. 2012; Abualhaija and van den Berg 2014). The measurements
were made on a BioAnalytical Systems (BASi) controlled growth mercury electrode interfaced
with an Epsilon 2 analyzer (BASi), with a deposition time of 120 s. Titration data were processed
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using ECDsoft and ProMCC software (Omanović et al. 2015; Pižeta et al. 2015), which fits the
data using multiple regression models.

3.3 Results and Discussion
3.3.1 Experimental conditions and impact on interpretation
The incubations presented here serve as model systems to glean information about the
processes occurring in hydrothermal plumes along the Mid-Atlantic Ridge, but the differences
between the conditions at which the incubations were conducted and the natural system in which
the processes occur should be acknowledged. This experimental study was not conducted under
the in situ conditions of temperature and pressure due to logistical limitations, and while the
temperature was maintained constant throughout the incubations, it was ~10°C warmer than in situ
conditions. This could impact particle dissociation/formation rates (McKay 1957; Feely et al.
1987), chemical equilibria (Hassler et al. 2013), and biological metabolic rates. The confinement
of plume waters and particles in a limited physical space (20 L carboy) for extended periods of
time may also influence the outcomes of the experiments. Wall adsorption effects have been
reported in previous incubations in the surface ocean (Buck et al. 2010; Fitzsimmons and Boyle
2012; Bundy et al. 2016; Mellett et al. 2017), and some Fe may be expected to be lost to the walls
despite homogenization prior to sampling. Throughout the discussion, filtered treatments are
interpreted as abiotic, but some small bacteria may still exist in the operationally defined dissolved
fraction (<0.2 µm) and no sterilization measures were taken beyond the procedural acid-cleaning.
The in situ speciation of Fe is likely to be different from the modified laboratory
conditions of temperature (20 °C), pressure, and pH at which it was measured and, with sufficient
time, reduced species can extensively oxidize (Hawkes et al. 2013a). Lower in situ temperatures
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(2–4°C) would be expected to reduce the inorganic side reaction coefficient (Hassler et al. 2013),
and lower in situ pH (7.7–7.8, data not shown) would promote increased Fe3+ concentrations
available to be complexed by ligands due to the strong dependence of Fe(III) solubility on pH
(Byrne et al. 1988; Millero et al. 2009). Freezing samples for Fe speciation was a necessity in lieu
of shipboard analysis; whereas freezing is generally suitable for storage of Fe speciation samples
(Buck et al. 2012), the effect of freezing on Fe speciation in high Fe waters where [Fe]>[L] is
unknown. Ultimately, the experimental speciation results may reflect the eventual products at a
given time in the evolution of a hydrothermal plume than the in situ conditions (Hawkes et al.
2013a). Despite these caveats, these incubations serve a useful purpose in allowing evaluation of
some of the dominant processes that occur in a challenging environment to sample and analyze.
The following sections examine their relevance in an oceanographic context.

3.3.2 Processes characterized in the near-field at Rainbow and TAG
The two near-field, high-Fe incubations conducted at TAG and Rainbow offer an
opportunity to compare particle dynamics between two hydrothermal systems that were captured
at different stages of plume evolution and differ in their vent fluid composition. The concentration
of Mn was used as a near-conservative tracer (Field and Sherrell 2000) of mixing between
background deep ocean concentrations (~0.1 nM; (Hatta et al. 2015)) and the concentrations
observed in the vent fluid endmembers (Table 3.1). For the TAG near-field incubation, initial dMn
concentrations and endmember data reflected a dilution factor range of ~19,000–22,500 (Table
3.1; (Douville et al. 2002)). A negative temperature anomaly observed within the region sampled
is consistent with entrainment of cooler water from beneath the plume (Figure 3.1e, 3.1f). By
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comparison, the dMn in the Rainbow near-field incubation reflected a dilution factor of ~4,500
based on endmember data ((Douville et al. 2002); Table 3.1), and a positive temperature anomaly
was observed at the depth of sampling (Figure 3.1c, 3.1d). Thus, the Rainbow near-field incubation
was initiated within the rising buoyant plume (BP), while the TAG near-field incubation was
initiated in the early neutrally buoyant plume (NBP) (Lupton et al. 1985).

3.3.2.1 Particle dynamics between Rainbow and TAG
The initial particle conditions observed in the Rainbow NF and TAG incubation largely
reflect the stage of the plume captured in each experiment. The unfiltered treatments of both
Rainbow NF and TAG displayed high dFe concentrations (361 ± 0.5 nM and 188 ± 2.3 nM,
respectively; Table D2, D3), but TDFe concentrations were considerably higher in Rainbow NF
(5217 ± 128 nM) compared to TAG (211 ± 9.3 nM; Table D3). This ~250-fold difference in labile
particulate Fe (“PFe”= [TDFe]-[dFe]) reflects the different conditions of the BP and early NBP
captured in each incubation. At TAG most of the PFe that formed within the BP appeared to settle
out before the onset of the incubation resulting in ~90% of total dissolvable Fe present within the
dissolved phase compared to <5% for Rainbow (Figure 3.3e, Figure 3.4e; Table D2, Table D3).
This difference in particle load is reflected in the size-fractionated measurements of V, an oxyanion
that has been demonstrated to co-precipitate with Fe oxyhydroxides (Feely et al. 1998). Total
dissolvable V at the onset of the Rainbow unfiltered incubation was observed to be ~50% in the
dissolved phase compared to 100% in all other incubations (Table D2; Table D3). This suggests
most of the particles had already formed at the start of the Rainbow NF incubation (Table D10).
In order to assess the rates of particle aggregation, some assumptions and
transformations were applied to the data. Throughout the remainder of this section, we define labile
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particulate Fe (henceforth “PFe”) as the difference between [TDFe] and [dFe], although it has been
defined in various ways in other studies. In hydrothermal systems all of the total particulate Fe
appears to fall within the labile fraction but, farther afield from the vent source, refractory Fe from
margin sediments can contribute to the total particulate pool but not the labile pool (Revels et al.
2015). The average TDFe concentration for each incubation (solid green line in top panels of
Figures 3.3–3.6) was used to calculate the PFe concentrations at each dissolved Fe timepoint
([PFe] = avg[TDFe] – dFe), propagating the relative error from the dFe data and the standard
deviation of the average TDFe concentration (dashed green lines in top panels of Figures 3.3–3.6).
Each PFe dataset was then fit to the equation (2):
Eq (2):
[PFe](8) = [PFe5 ] + [PFe6 ]9 789
Where PFe0 represents PFe existing at the start of the incubation, PFeN is PFe formed during
incubation observations, t is the time in hours since the start of the incubation, and k is the
aggregation rate in h-1. This equation was fit to each data set to compare rates of aggregation (Table
D9, D10). The 1s ranges for each incubation are reported in Table D6.
A comparison of the rates between the Rainbow and TAG near-field incubations
indicates more rapid particle formation at Rainbow. Whereas the unfiltered Rainbow NF treatment
had the highest aggregations rate (Table D6), the statistical model analysis and dV data suggest
nearly all the particles had formed by the time the first sample was taken (Table D2; Table D10).
Therefore, a better comparison between the two incubations may be in the filtered treatments,
where ambient aggregates have been removed and particles form from the remaining dFe. The
filtered Rainbow NF aggregation rates were ~6-fold greater than those observed at TAG (Table
D6). This could reflect the differences in particles types formed from different vent fluid

55

endmembers. The ratio of H2S:Fe in the vent fluids between Rainbow and TAG is considerable
(Table 3.1), which could alter the distributions of Fe(III) versus Fe(II) colloids and impact the
growth rates and stability of these particles over time (Findlay et al. 2015). The rates observed
from the unfiltered incubation at TAG are consistent with calculated TDFe% observed during the
occupation of the TAG site during the GA03 cruise where a TDFe% of ~45–50% was observed
(Hatta et al. 2015; Revels et al. 2015), and an estimated plume age of 2.7–7.5 days (Kipp et al.
2018). A higher prevalence of nanoparticulate pyrite has been observed at TAG relative to
Rainbow, attributed in part to the high sulfide concentrations observed within the vent fluids at
TAG (Gartman et al. 2014). Laboratory work has demonstrated the resilience of these particles to
oxidation, persisting on timescales of days to weeks rather than hours (Gartman and Luther 2014),
which could impact aggregation rates. Alternatively, a strong linear relationship (R2 >0.96; Figure
D3) is observed between the rates of particle aggregation and initial dFe concentrations across all
incubations (including Lucky Strike and excluding unfiltered Rainbow NF). This is a compelling
and simple relationship that is within reported ranges from other hydrothermal systems (Massoth
et al. 1998), but it is also derived from a small dataset (n=4).

3.3.2.2 The evolution of dissolved Fe and evidence of particle exchange
The formation of colloidal forms of Fe has been a mechanism proposed for the
stabilization of hydrothermal Fe (Yücel et al. 2011), and can be evaluated in these incubations. At
the onset of the Rainbow and TAG incubations the dissolved phase displayed high colloidal
fractions, 80% and 67%, respectively. Although the majority of Fe was in the colloidal phase ([cFe]
= [dFe] – [sFe]), high sFe concentrations of 70.9 ± 4.6 nM (Rainbow) and 61.5 ± 8.2 nM (TAG)
were also observed, which may reflect high free Fe(II) concentrations at the onset of each
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experiment (Figure 3.3c, Figure 3.4c; Table D2, Table D3) and a component of fresh hydrothermal
plumes (Field and Sherrell 2000).
The evolution of the dissolved phase within the Rainbow NF experiment showed
evidence of rapid exchange of Fe from different particulate phases, particularly during the first day
of incubation. In the unfiltered Rainbow incubation sFe concentrations increased dramatically in
the first 12 hours to concentrations as high as 196.8 ± 10.1 nM, and subsequently declined rapidly
(Figure 3.4c; Table D2). This peak was associated with increases in H2S, sZn, and sCu (data not
shown), which suggests the dissociation of sulfide particles. The filtered treatment similarly
displayed rapid changes in sFe concentration in the first 24 hours, suggesting these processes may
be an abiotic dissociation of freshly formed particles and colloids (Figure 3.4d; Table D2). In both
treatments substantial changes in the colloidal fraction were observed within the first 24 hours, but
in the remainder of the incubation the colloidal fraction was consistently ~90% (Figure 3.3d;
Figure 3.3e; Table D2). Increases in dFe within the unfiltered treatment through the incubation
further suggests exchange between the large particles and colloids (Figure 3.3c; Table D2).
In the TAG incubation evidence of exchange between particle and colloidal phases was
observed but appeared to occur over a longer period compared to Rainbow. Within the first 12–24
hours both the unfiltered and filtered treatments displayed a decline in sFe concentrations, but a
rebound in sFe concentrations was observed over the subsequent days (Figure 3.4c–f). The soluble
phase was consistently 20–30% of the dissolved fraction throughout most of the unfiltered
treatment, a departure from observations at Rainbow. These oscillations in the colloidal and
particulate phases are similar to Rainbow, although observed over a longer timeframe, and
similarly indicate exchange between the colloidal and particulate phases. Throughout both of these
incubations sFe is nearly always in excess of measured soluble Fe-binding ligands, suggesting this
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exchange may be mediated by other mechanisms. One possible explanation is a portion of sFe
concentrations at the onset of the incubation represents free Fe(II), and the sFe that increase after
day 2 and persists through the remainder of the incubation could represent Fe released through the
oxidative dissolution of metal sulfides, which has been demonstrated for other metals in field and
laboratory experiments (Metz and Trefry 1993). Despite substantial differences in the stage of the
plume incubated both Rainbow and TAG experiments appear to show evidence of exchange
between particulate and colloidal phases on the timescale of hours.
The NBP represents the hydrothermal influence that may contribute to the deep ocean,
which makes the early NBP captured in the TAG incubation a unique model system to dissect the
processes influencing dissolved Fe. Fitting the dFe data to a series of model candidates showed a
sum of two exponential equations as the best fit to the data (details outlined in Appendix C; Table
D9). The best-fit decay constants were determined to be k1 = 2.3 d-1 and k2 = 0.09 d-1, indicating
both a short-term and long-term decay process. The short-term decay constant (k1) is an order of
magnitude lower than Fe(II) oxidation rates reported for TAG based on pH, temperature, and
oxygen concentrations, but is in the range of rates reported for the Juan de Fuca Ridge in the
northeast Pacific where low oxygen concentrations slow oxidation rates (Field and Sherrell 2000).
Whereas Fe(II) may be an important component of this short-term decay process, the rate derived
from this incubation is from the operationally defined dissolved fraction (<0.2 µm) and may be
attenuated by the aggregation of oxidized Fe before it is removed from this fraction. The long-term
decay constant (k2) derived from the model is of the same magnitude as nanopyrite oxidation rates
reported by Gartman and Luther (2014) in laboratory studies (Table D7). The formation of
colloidal nanoparticulate pyrite has been observed in vent systems throughout the global ocean
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(Gartman et al. 2014), and is one of the proposed mechanisms facilitating the far-field dispersion
of hydrothermal Fe (Yücel et al. 2011).
Kipp et al. (2018) published age estimates of two hydrothermal plumes observed in
GEOTRACES sections, providing an opportunity to put the processes observed in this incubation
into oceanographic context. Applying the equation derived from the incubation data to the 2.7–7.5
days age estimates of the TAG plume reported in Kipp et al. (2018) produces a concentration range
of 54–83.3 nM. The highest observed concentration of dFe the TAG site sampled during GA03
transect was 68 nmol kg-1 (Hatta et al. 2015), within the range predicted from this model (Figure
D4a). Likewise, applying the same model to the estimated plume age of 24–32 days observed over
the East Pacific Rise during the GP16 cruise produces a concentration range of 6.0–12.2 nM. The
concentrations of dFe observed within the plume at this station ranged from 5.0–13.6 nmol kg-1
(Figure D4b), also within the range generated by the model. This suggests the processes observed
in this incubation may accurately describe the evolution of dFe in the early NBP at TAG and
potentially other vent systems. An important takeaway from this analysis is that the range produced
by the model at both vent sites is almost completely dependent on the long-term decay process (k2)
due to the rapid decaying of the first term (k1) within 1–2 days. If the long-term process observed
in this incubation is representative of nanopyrite oxidation, it may indeed be an important process
impacting the dispersion of dFe far-field from vent systems.

3.3.2.3 Fe-binding ligand dynamics in the near-field
The presence of Fe-binding ligands sourced from vents directly or produced within the
evolving plume has been an additional mechanism proposed for the stabilization of hydrothermal
Fe (Sander and Koschinsky 2011). Dissolved Fe-binding ligand concentrations observed at the
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onset of the Rainbow and TAG unfiltered incubations were 64.4 ± 1.4 nM and 18.4 ± 1.1 nM,
respectively. These concentrations are higher than ~1–4 nM concentrations those observed in the
deep Atlantic (Buck et al. 2015; Gerringa et al. 2015) and suggest the vents and/or the diffusive
flow regions entrained with the plume are a source of ligands above background concentrations,
as observed in other hydrothermal systems (Hawkes et al. 2013a; Kleint et al. 2016). Ligand
concentrations within the soluble fraction at the onset of the Rainbow incubation were within the
range observed in the deep Atlantic, but TAG displays concentrations above this range (Table D2;
Table D3). The elevated concentrations of dissolved ligands observed at Rainbow versus TAG
could reflect differences in the sources at each site, but could also be caused by proximity to the
vent source and nonconservative behavior within the plume. Similarly, the TAG could be
considered a source of soluble ligands compared to Rainbow, or it could also reflect production of
these ligands within the rising BP.
Despite differences in vent fluid composition and plume-stage, the trends of dissolved
Fe-binding ligands at Rainbow and TAG were similar. Both Rainbow NF and TAG incubations
demonstrated a decline in dLFe over the week of incubation, with the unfiltered treatments
declining by 42% and 74%, respectively. The trend of the data is best described by a summed
exponential equation, similar to the models that best-fit the dFe data in each incubation (Appendix
C; Table D9; Table D10). The simultaneous loss of dLFe with dFe is demonstrated by stable
[dLFe]:[dFe] ratios (slope ~0) observed over time in the unfiltered treatments of both Rainbow and
TAG (Figure 3.3i, Figure 3.4i). Both dLFe and dFe were lost at rates similar to the particulate phase.
In the filtered treatments, on the other hand, Rainbow NF [dLFe]:[dFe] remained near 0 while a
positive slope was observed at TAG, indicating that a portion of dLFe persisted through the decline
of dFe (Figure 3.3j). This difference in [dLFe]:[dFe] between filtered treatments at Rainbow and
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TAG may reflect the physiochemical properties of colloidal particles within the dissolved phase
from each vent system or the contrast in dFe concentrations between the two incubations, which
were ~4-fold different (Figure 3.3j, Figure 3.4j). The strong relationship observed between initial
dFe concentration and aggregation rate may also impact the scavenging of these Fe-binding ligands
(Figure D3; Table D6; section 3.3.2.1).
Overall, sLFe in the Rainbow incubations appeared to persist compared to sFe in both
filtered and unfiltered treatments, resulting in a positive slope in [sLFe]:[sFe] across the incubations
(Figure 3.4i–j). In the TAG incubations divergent processes were observed in sLFe between the
filtered and unfiltered treatments in the final days of incubation. A consistent downtrend in the
filtered treatment was observed between days 1 and 6 of the incubation, similar to the trend
observed for dLFe in the unfiltered treatment (Figure 3.3a; Figure 3.3c). In contrast, in the unfiltered
treatment a decline in sL concentration was observed in the first 24 hours, which then stabilized
followed by an increase in concentration towards the final timepoints of the incubation (Figure
3.3c). This suggests a production of soluble Fe-binding ligands from a source in the particulate
fraction (>0.2 µm).
The conditional stability constants of Fe-binding ligands sampled in the first 24 h of
both incubations (Figure 3.3; Figure 3.4), when Fe concentrations were changing most rapidly,
were relatively weak compared to the remainder of the incubation and many of the Fe-binding
ligands in basin scale studies (Buck et al. 2015; Gerringa et al. 2015). These observations are
consistent with the behavior of Fe-binding ligands observed within a hydrothermal plume along
the East Scotia Ridge in the Southern Ocean (Hawkes et al. 2013a). Regions of diffusive flow
around many vent systems are often vibrant ecosystems of microbial and macrofauna relative to
the rest of the deep ocean (Sander and Koschinsky 2011). As a result, dissolved organic carbon
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(DOC) concentrations can be considerably higher than background deep ocean concentrations
(Lang et al. 2006), some of which could be reactive with trace metals like Fe and entrained upwards
with the buoyant vent fluid during plume formation. The temporal changes in the conditional
stability constants could represent the presence of weaker and transient ligands such as bisulphide,
thiol species, or diffusive flow non-specific Fe-binding ligands that aggregate rapidly with early
particle formation.

3.3.3 The formation and mobilization of particulate Fe at Lucky Strike
The Lucky Strike incubation represents the early NBP of a low Fe vent system, sampled
over a longer timeframe than then near-field incubations at TAG and Rainbow. A dilution factor
of ~15,000 is inferred from dMn concentrations, suggesting this incubation was started utilizing
the early NBP similar to TAG (Table 3.1). Whereas Lucky Strike and TAG incubations display
similar dilution ratios, the initial dFe concentrations are an order of magnitude different, reflecting
the Fe load of the vent fluid endmembers (Table 3.1). Initial concentrations of 15.1 ± 1.17 nM dFe
and 4.42 ± 0.05 nM sFe were observed, resulting in a colloidal fraction of 71% (Table 3.2). The
total dissolvable Fe concentration for the incubation was 18.6 ± 1.4 nM, whereby ~80% of the
total dissolvable Fe existed in the dissolved phase at the onset of the incubation. The TDFe
concentration was similar to that observed in the Rainbow far-field incubation, suggesting the two
are comparable in Fe-particle load, but at Lucky Strike the ORP sensor detected the presence of
reduced species indicative of a younger plume. Initial dLFe concentrations were 5.40 ± 0.12 nM,
with all detected ligands in the soluble phase, quantified at 6.00 ± 0.60 nM at the onset of the
incubation (Figure 3.5; Table D5). These concentrations are above deep ocean background
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concentrations, and point to this vent system or processes within the early BP as a source of these
ligands.
A decline was observed in dFe over the first week of the incubation, with the lowest
concentration, 10.43 ± 0.81 nM, observed by day 7. Within the first 48 h of the incubation sLFe
concentrations declined, but increased from days 3 to 7 with the sLFe again representing 100% of
the dissolved pool by day 7. In subsequent weeks dLFe and dFe increased, indicative of particulate
Fe mobilization. The final dFe concentration observed at 22 days was 18.25 ± 1.41, resulting in
nearly all the TDFe observed existing in the dissolved phase (Figure 3.6a; Table D5). Whereas
ligand concentrations did not rise substantially in the final two weeks of sampling, evidence of
curvature was observed in the forward titration of the final sample of Lucky Strike (indicative of
excess ligands), but the sample also displayed a substantial peak response in the added ligand under
no Fe additions. This may indicate a high concentration of weak ligands that may not have been
accurately quantified using the analytical window employed in this study. These weak ligands may
have may have been sufficient to maintain Fe in the dissolved phase in the final timepoints of this
incubation. The resulting mass balance shows the formation of particulate Fe in the first week,
followed by the mobilization of that particulate Fe back into the colloidal phase over subsequent
weeks of incubation (Figure 3.6b). This incubation showed the formation of particles over the first
week of incubation, similar to observations near-field at Rainbow and TAG, but soluble ligand
production appeared to mobilize the particulate Fe over the following days–weeks.
3.3.4 Evidence for biological mobilization of particulate Fe far-field
A far-field (FF) incubation conducted at Rainbow (Station 17), ~10 km southwest of
the near-field incubations was sampled over a period of three weeks. Dissolved Mn concentration
at the incubation onset was 2.5 ± 0.1 nM, resulting in a calculated dilution factor of 9.0×105 based

63

on vent fluid end-member data (Table 3.1). The initial conditions of the incubation, 3.42 ± 0.26
nM dFe and 0.88 ± 0.04 nM sFe, indicated a colloidal fraction of 74%. These concentrations are
consistent with stations adjacent to the TAG vent field GA03 transect (Fitzsimmons et al. 2015b).
The TDFe concentration for the incubation was 30.1 ± 2.3 nM, indicating ~10% of the total Fe
was dFe, similar to the particle distribution observed in Rainbow NF (Table D5). The PFe
concentration is comparable to particulate Fe concentrations quantified on the East Pacific Rise
(28.9 nM; (Lee et al. 2018) with an estimated plume age of ~1 month and a 4–14 km distance from
the source of (Kipp et al. 2018). If there are contributions from the ridge flanks, total particulate
Fe may be underestimated in this incubation, but labile particulate Fe should reflect the portion
that was hydrothermally sourced (Revels et al. 2015).
Twenty-four hours into the incubation, soluble ligands were detected via forward
titration and were observed to increase over the next two days of the incubation. Starting at the
same period, dFe increased from 2.96 ± 0.23 nM to 8.52 ± 0.65 nM from day 1 to 7, and dLFe
increased from 2.90 ± 0.11 nM to 5.41 ± 0.17 nM with little change observed in sFe (Figure 3.5;
Table D5). Over the subsequent week, the sFe concentration increased to 7.95 ± 0.53 nM by day
14, comprising all of the dissolved Fe pool (Figure 3.6e). For the remainder of the incubation the
colloidal fraction remained low, comprising 20% of the dFe pool in the final sample at day 19
(Figure 3.6e; Table D5).
The emergence of soluble ligands concomitant with a transfer of Fe from the particulate
to the soluble phase suggests biological production of low molecular weight Fe-binding ligands
(i.e. siderophores). The soluble Fe-binding ligand concentration increased 34% between days 1
and 3 under stable sFe concentrations but with concomitant increases in dFe and dLFe of 49% and
48%, respectively (Figure 3.5a). Whereas structural characterization of the organic ligand pool is
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not achieved from the CLE-AdCSV method, biologically produced siderophores characterized in
the marine environment tend to fall within the soluble fraction (Cullen et al. 2006; Vraspir and
Butler 2009; Fitzsimmons et al. 2015a). The larger relative change observed in the dissolved pool
may reflect ligands produced in association with colloids, and their removal during filtration. The
production of siderophores in hydrothermal plumes has been inferred through the upregulation of
genes associated with siderophore uptake and synthesis in the Guayamas Basin (Li et al. 2014),
suggesting it may be a common occurrence in these environments where microbial substrates
surpass bioavailable Fe. The logKcond
FeL,Fe' values observed in the soluble fraction are consistent with
hydroxamate siderophore isolates produced by marine bacteria in culture work ((Barbeau et al.
2003); Figure 3.5d). Hydroxamate siderophore production has been observed to occur within 6-12
h upon additions of Fe in continuous flow culture of g–proteobacterium (Sijerčić and Price 2015),
a dominant bacteria taxa in hydrothermal systems and the deep ocean (Sylvan et al. 2012). The
rates of dFe mobilization and ligand production observed in the first week of incubation are within
the range for bacterial mobilization of biogenic particulate Fe in the surface ocean (Table D8;
(Boyd et al. 2010)).
Observations in this incubation show compelling evidence of biologically-mediated
solubilization of particulate Fe and raises the question of how and why this was able to occur ~10
km away from the vent source. The production of compound-specific Fe chelators would suggest
that conditions were appropriate for bacterial growth and imply the presence of a chemosynthetic
or heterotrophic substrate to facilitate this growth. Possible substrates characterized at the Rainbow
vent fluid include H2S, H2, CH4, and dissolved organic carbon (DOC or POC) formed abiotically
in the vent fluids (Charlou et al. 2002, 2013; Konn et al. 2009). Other sources of organic carbon
can be entrained from diffusive flow regions below these vents (Lang et al. 2006), or residual
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organic carbon from earlier chemoautotrophic production within the plume (Bennett et al. 2013).
In the region where the incubation was initiated, both H2S would likely have been removed via
pyrite precipitation and H2 via abiotic dissociation in the presence of oxygen. It is unclear if
elevated DOC concentrations observed in diffusive flow regions of vent systems would survive
aggregation processes observed in the near-field incubations and remain sufficiently labile for
bacterial growth. One substrate candidate is CH4 and, assuming conservative behavior, would have
a 144–225 nM concentration range based on vent fluid end members (Charlou et al. 2002, 2013),
and may not be detected with the ORP sensor on the CTD (J. Resing, personal comms.). Work in
the Von Damm vent plume along the Mid-Cayman Rise, an ultramafic host system similar to
Rainbow, Bennett et al. 2013 found that Gibbs free energy calculation using CH4 concentrations
alone were inadequate to describe the changes of TOC within the plume. However, the
interpretation of their data resulted in a hypothesized trophic cascade from chemoautotrophic
production in the early NBP providing an important carbon source for microbial heterotrophs or
mixotrophs in later stages of the NBP (Bennett et al. 2013). This mechanism may explain the
appearance of stronger ligands below the plume observed in the GEOTRACES Eastern Pacific
Zonal Transect (Buck et al. 2018). It is likely that the metabolic rates of bacteria in these systems
are slow due to the low temperatures of deep ocean water (~4°C), and the influence of incubating
the ambient communities at 14°C. In addition, bottle effects that maintain the particles, substrate
for growth, and soluble ligands in close proximity could amplify a response that would be slower
or not possible to detect in situ.
Both of the low particle load far-field incubations at Lucky Strike and Rainbow show
evidence of ligand production followed by movement of Fe from the particulate phase to the
dissolved phase. Soluble ligand production was also observed in the unfiltered TAG incubation,
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further supporting the source of these soluble ligands as microbial production. This observation in
multiple incubations suggests that these processes may be common in early NBPs where substrates
for bacterial growth are in surplus to bioavailable Fe. The production of Fe-binding ligands within
the early NBP may be more influential in the stabilization of Fe in far-field systems than dissolved
ligands sourced from the vents.

3.4. Summary and Conclusions
Data presented from four incubations conducted at different vent systems along the
Mid-Atlantic Ridge allowed examination of Fe particle and ligand dynamics in hydrothermal
plumes. A schematic illustrating the observed processes is presented in Figure 3.7. The two nearfield incubations, conducted at Rainbow and TAG, displayed concentrations of natural ligands
well above deep ocean concentrations, indicating they may represent a source of ligands to the
immediate environment. However, in both of these incubations a decline in Fe-binding ligands
was observed as particulate Fe formed, indicating that the ligands contributed from these vent
systems may be lost through near-field aggregation processes. Both of these incubations
maintained high dissolved Fe concentrations over a weeklong period, a consequence of a high
colloidal Fe concentrations and exchange between soluble, colloidal, and particulate phases. The
best-fit model to the dFe data in the early NBP at TAG was shown to accurately predict dFe
concentrations within the TAG and EPR plumes sampled from the GEOTRACES program. The
long-term decay process characterized in the model is consistent with reported rates of nanopyrite
oxidation. This appeared as a primary influence on dFe concentrations in the aging plumes, and
may be an important mechanism in the evolution of early NBPs throughout the ocean.
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Far-field from Rainbow, evidence of soluble ligand production was observed followed
by the mobilization of Fe from particulate to colloidal, and colloidal to soluble on the timescale of
days–weeks. The only known natural process that would explain these observations is biological
ligand production facilitated by bacterial growth, which raises further questions of the who and
how responsible for this growth. The Lucky Strike incubation appeared to possess qualities of both
near and far-field incubations, showing a decline in dFe in the first week of the incubation followed
by evidence of soluble ligand production, increases in dFe and dL, and final dFe concentrations
comparable to total labile Fe. Evidence of soluble ligand production was also observed towards
the end of the incubation in the TAG unfiltered treatment. These converging observations suggest
ligand production is a common occurrence in fresh hydrothermal plumes and may be a more
important mechanism of stabilization of Fe far-field compared to dissolved ligands sourced from
the vents themselves.
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Table 3.1. Data from Douville et al. 2002 of vent fluid end member chemical characteristics for
the three vent systems studied in this incubation experiment. Presented are the dissolved Mn, Fe,
H2S concentrations, the maximum temperature, pH, and lithology of the source rock. *Lucky
Strike end member data was compiled from Pester et al. (2012) using averages of the vent sites
US4 and IsabelMeSH, determined to be the closes systems to the location in which the incubation
was initiated.

Lucky Strike* Rainbow (NF/FF)
TAG
Deep Atlantic
260
365
363
2.5-4.5
Max T (°C)
pH
4.3
2.8
3.1
7.8
Cl- (mM)
480
750
650
545
H2S (mM)
3
1
3.5
0
Mn (µM)
150
2,250
710
~10-4
Fe (µM)
240
24,000
5,170
~10-3
H2S:Fe
12.5
0.04
4.1
0
Initial Mn (nM)
10
500/2.5
~35
N/A
5
Dilution factor
15,000
4,500/9´10
~20,000
N/A
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Figure 3.1. Study site overview of the incubations conducted along GA13 including the CTD profiles that initiated each incubation. In
the center sits a map of the Atlantic Ocean open circles and dashed line representing all the stations for GA13, and red circles indicating
the locations where incubations were conducted. At the sides are plotted the CTD profiles for each of the four hydrothermal incubations,
Lucky Strike (top left), Rainbow near-field (top right), TAG (bottom left), and Rainbow far-field (bottom right). Each profile displays
the light scatter sensor (LSS) data, a proxy for particles, the oxidation-reduction potential (ORP) sensor data, a proxy for reduced
chemical species, and the temperature data of each cast where water was collected. Dashed lines indicate the depth(s) that bottles were
closed and used as the starting point of each incubation
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Figure 3.2. Flow chart depicting the setup and sampling of each incubation. Incubation treatments
were initiated from the combination of two OTE bottles into a 20 L polycarbonate (PC) carboy to
form an unfiltered treatment for every study site, and an additional filtered (0.2 μm) treatment for
the TAG, Rainbow near-field (NF), and control incubations. After filling, the carboy was covered
with a heady-duty black construction bag and moved to a temperature-controlled room maintained
at 14°C. Upon subsampling, the carboy was inverted at least three times to homogenize settled
particles, removed from the bag, and placed in a clean flow-hood where it was fitted with an acidcleaned spigot and subsampled into an acid-cleaned 2.5 L PC bottle specific to the carboy that was
reused and not cleaned between time points. The bottle was then sampled for total dissolvable
metals (‘TD’, unfiltered acidified), and using a custom build filtration rig filtered through 0.2 μm
PC track etched filters to sample dissolved (‘d’) trace metals and iron (Fe) speciation, and finally
filtered again through a 0.02 μm Anodisc filter for collection of soluble (‘s’) metals and Fe
speciation.
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Figure 3.3. Size-fractioned iron (Fe) data overview of the TAG incubation for unfiltered (left
column) and filtered (right column) treatments. Displayed is concentrations of dissolved (a,b) Fe
(yellow circles) and Fe-binding ligand (yellow triangles) and total dissolvable Fe (TDFe, green
circles), soluble (c,d) Fe (circles) and Fe-binding ligands (triangles), below them are bar charts of
the calculated mass balance (e,f), the conditional stability constants derived from Fe speciation
measurements (g, h), and the ratio of [LFe]:[Fe] for each size fraction (i, j). The average TDFe
represented by the solid green line in panels (a) and (b) was calculated from all TDFe samples
across the incubation treatment (dashed lines representing standard deviation), and that value was
used to calculate the particulate mass balance displayed in panels (e) and (f).
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Figure 3.4. Size-fractioned iron (Fe) data overview of the Rainbow near-field incubation for
unfiltered (left column) and filtered (right column) treatments. Displayed is concentrations of
dissolved (a,b) Fe (yellow circles) and Fe-binding ligand (yellow triangles) and total dissolvable
Fe (TDFe, green circles), soluble (c,d) Fe (circles) and Fe-binding ligands (triangles), bar charts
of the calculated mass balance (e,f), the conditional stability constants derived from Fe speciation
measurements (g, h), and the ratio of [LFe]:[Fe] for each size fraction (i, j). The average TDFe
represented by the solid green line in panels (b; data not shown for (a)) was calculated from all
TDFe samples across the incubation treatment (dashed lines representing standard deviation), and
that value was used to calculate the particulate mass balance displayed in panels (e) and (f).
*Represents a value removed from average TDFe to preserve mass balance calculations, and likely
represents TDFe lost to the walls of the 20 L carboy.
73

Figure 3.5. Size-fractioned iron (Fe) data overview of the Rainbow far-field incubation. Displayed
is concentrations of (a) dissolved Fe (yellow circles) and Fe-binding ligand (yellow triangles),
soluble Fe (red circles) and Fe-binding ligands (red triangles). The bar chart below represents the
calculated mass balance (b), the conditional stability constants derived from Fe speciation
measurements (c), and the ratio of [LFe]:[Fe] for each size fraction (d). The average TDFe
represented by the solid green line in panels (a) was calculated from all TDFe samples across the
incubation treatment (dashed lines representing standard deviation), and that value was used to
calculate the particulate mass balance displayed in panel (b).
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Figure 3.6. Size-fractioned iron (Fe) data overview of the Lucky Strike incubation. Displayed is
concentrations of (a) dissolved Fe (yellow circles) and Fe-binding ligands (LFe; yellow triangles),
soluble Fe (red circles) and Fe-binding ligands (red triangles), and total dissolvable Fe (TDFe,
green circles). The bar chart below represents the calculated mass balance (b), presented with the
conditional stability constants derived from Fe speciation measurements (c), and the ratio of
[LFe]:[Fe] for each size fraction (d). The average TDFe represented by the solid green line in panels
(a) was calculated from all TDFe samples across the incubation treatment (dashed lines
representing standard deviation), and that value was used to calculate the particulate mass balance
displayed in panel (b).

75

Figure 3.7. An overview schematic of hydrothermal plume dynamics annotated with Fe particle and ligand processes inferred from the
observations in these incubation experiments. In this schematic presents soluble (“s”), colloidal (“c”) and particulate (“P”) Fe and Febinding ligands (LFe). Possible microbial chemosynthetic substrates methane (CH4), di-hydrogen (H2), and sulfide (H2S) are depicted
with dissolved or particulate carbon (Corg) as heterotrophic substrates. Each stage of the hydrothermal plume is labeled in white along
with the incubations that were carried out in these stages.
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Conclusions
This work presents trace metal (Fe, Cu, Mn, Zn, Co, Ni, Cd) and metal speciation (Fe
and Cu) results from shipboard incubations conducted in the California Current surface waters,
seasonal distributions from field studies in the eastern Gulf of Mexico, and shipboard incubations
of hydrothermal plume waters from the Mid-Atlantic Ridge. Analyses were performed by applying
combination of methods including competitive ligand exchange-adsorptive cathodic stripping
voltammetry (CLE-AdCSV) for metal-binding ligand characteristics and inductively coupled
plasma-mass spectrometry (ICP-MS) techniques for trace metal concentrations. It has long been
established that organic ligands play a governing role in the speciation of Fe and Cu in seawater
(Campos and van den Berg 1994; Rue and Bruland 1995; Gledhill and Buck 2012). This
dissertation work aimed to advance understanding of metal-binding ligand sources and cycling in
natural systems, and the role of these ligands in metal bioavailability. The distinct marine systems
examined in each chapter encompasses the major interfaces for introduction of trace metals to the
ocean (Figure 4.1) and can be used to compare and contrast the cycling of trace metals and metalbinding ligands at each of these important ocean boundaries.
Chapter I of this work was a collaborative study observing the cycling of trace metals
Fe, Cu, Ni, Cd, Mn, Co, Pb, and Sc, Fe-and-Cu-binding organic ligands, Fe uptake rates, and
diatom community composition in a shipboard incubation of freshly upwelled waters along the
California Current System. This work demonstrated important mechanisms surrounding the uptake
and bioavailability of Fe. A significant increase in Fe uptake rates in the first 24 hours of the
experiment was observed for all phytoplankton size-fractions in the presence of UV light,
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suggesting that photochemical reactivity of natural organic Fe complexes present in the recently
upwelled waters increased the short-term Fe bioavailability. This process has been observed in
Southern Ocean experiments (Maldonado et al. 2005) and more recently in culture work using
water from a diverse set of oceanic regions (Shaked et al. 2020). Observations of this
photochemical mechanism in surface waters from biogeochemically distinct regions suggests it is
likely a widespread water-column feature rather than a process specific to the upwelled shelf
sources of Fe-binding ligands in the California Current. The observations from Chapter I also
suggests some of the Fe-binding ligands produced in the presence of diatom growth may be
photoreactive. An increase in uptake rates in the presence of UV in the final timepoint of these
incubations when the bulk of Fe-binding ligand production was observed. If this is a common
feature in the ocean this photochemical mechanism may play a role controlling community
composition in bloom forming regions and during episodic mixing events throughout the surface
ocean. The apparent quenching of this enhanced Fe bioavailability within 24 hours could mean
organisms that can capitalize on this increase in bioavailable Fe through luxury uptake and storage
may have a competitive advantage in the following bloom.
Chapter II consisted of a baseline study characterizing the surface inventories of
dissolved and total dissolvable Fe, Cu, Mn, Zn, Co, Ni, Cd, and Pb, Fe-and-Cu-binding organic
ligands, and Fe binding humic-like substances along the West Florida Shelf (WFS) between a
summer and winter season. Seasonal differences in offshore inventories observed for some metals
(Fe, Mn, Ni, Pb) were attributed to dust deposition and delivery from riverine sources facilitated
by the Loop Current. These observations illustrate the complex physical delivery of nutrients to
the offshore waters of the Gulf of Mexico. The influence of the Loop Current facilitated the
delivery of elevated concentrations of many bioactive trace metals to the outer WFS with broader
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implications for the North Atlantic if these concentrations are maintained through the Loop
Current-Florida Current-Gulf Stream transport pathway. The Fe-binding ligands characterized in
the offshore waters appeared to act as a buffer for a portion of Fe delivered via dust deposition in
the dissolved fraction. In contrast, divergent processes were observed between Fe-and-Cu-binding
organic ligands across the WFS, indicating the internal cycling of the two organic ligand pools are
distinct in this region. The increase in bioavailable Cu offshore in the summer implies a potential
bottom-up control on community composition of picoplankton in the region.
Chapter III presented work conducted as a collaborative effort on GEOTRACES cruise
GA13. The study consisted of four incubation experiments conducted along the Mid Atlantic
Ridge in an attempt to understand the mechanisms and feedbacks of freshly input hydrothermal Fe
to the deep ocean, specifically the role of particles and Fe-binding ligands. Each vent system
studied appeared to act as a source of dissolved Fe-binding ligands above background deep ocean
concentrations. However, observations showed aggregation of these ligands with freshly formed
particles, suggesting they may be lost near-field in these vent systems. Soluble Fe-binding ligand
production was observed in the unfiltered treatments of Lucky Strike, Rainbow far-field, and TAG
suggesting biological production may be an important source of Fe-binding ligands within these
plumes. This may also explain the origin of local maxima of strong Fe-binding ligands associated
with the plumes observed in the GEOTRACES datasets (Buck et al. 2015, 2018). In the Rainbow
far-field and Lucky Strike incubations, this ligand production was followed by disaggregation and
solubilization of Fe particles. The sinking velocities calculated for these formed and solubilized
particles matches the slumping of the basin-scale plume observed over the East Pacific Rise
(Fitzsimmons et al. 2017). An important mechanistic take-away from these experiments is that Fe-
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binding ligands sourced from the vent systems may be less important for the stabilization of Fe
far-field than the ligands produced from within the early neutrally buoyant plume.
Altogether this work highlights some important mechanisms observed in distinct
environments shaped by different natural sources of trace metals to the ocean. These studies are
not an exhaustive categorization of the processes controlling trace metal cycling in these regions,
but they do highlight important mechanisms that may be common within their respective ocean
interfaces ((Anderson et al. 2014); Figure 4.1). The synthesis of this work has demonstrated the
importance of photochemical reactions in the surface ocean to increasing the bioavailability of
metals to phytoplankton, to the benefit or detriment of different species. Evidence for biological
Fe-ligand production was observed throughout the water column, by primary producers in the
surface ocean and by bacteria at depth. The heterogenous and complex composition of the marine
organic ligand pool has also been demonstrated within this work. Future studies attempting to
evaluate the role of the complex marine organic ligand pool on metal bioavailability and cycling
may benefit from combining the methods used throughout this work and new methods in liquid
chromatography electrospray ionization mass spectrometry that provide structural characteristics
of the organic ligand pool. As the GEOTRACES program begins to shift its focus towards
processes-based studies of these systems, this work may serve as a useful framework to test
hypotheses and further characterize biogeochemical cycles in these systems.

80

Chapter 2
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Chapter 2
+Fe Mn Pb
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Chapter 1

Ch. 1
-L +Fe’ +Cu2+

+L -Fe

Chapter 3
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Figure 4.1. A schematic of the major processes influencing marine trace metal cycling modified
from Anderson et al. (2014). Within each of the major interfaces is annotated the chapter that
encompasses it and the broad mechanistic takeaways in green. In this figure M broadly represents
the bioactive trace metals (Fe, Cu, Mn, Zn, Ni, Co, Cd) and L broadly represents organic Fe-andCu binding ligands. The plus sign (+) indicates a net source of the metal or ligands and a minus
sign (-) indicates a net sink.
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Appendix A: Chapter I Published in Limnology and Oceanography
Contents of this Appendix
Text A1.
Introduction
Presented in this appendix the published version of Chapter I in Limnology and
Oceanography (Mellett et al. 2018; doi:10.1002/Ino.10751). This work was a collaborative effort
with other scientists; the analytical contributions in this work include Cu speciation and a portion
of Fe speciation presented in Figure 7.
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Abstract
A 3-day shipboard incubation experiment was conducted in the California Current System in July 2014 to
investigate the cycling of iron (Fe), copper (Cu), nickel (Ni), cadmium (Cd), manganese (Mn), cobalt (Co),
lead (Pb), and scandium (Sc) under a range of light and particle conditions. Filtered (< 0.2 lm) and unfiltered
treatments were incubated under the following light conditions: Dark, light (“UV”), and light without the
ultraviolet (UV) wavelengths (“noUV”). The experiment was sampled for carbon and Fe uptake rates, dissolved trace metal concentrations (Fe, Cu, Ni, Cd, Mn, Co, Pb, Sc), Fe and Cu speciation, size-fractionated
concentrations of Cd and Fe, and diatom community composition from DNA sequencing. Exposure to UV
light increased phytoplankton Fe uptake in the first 24 h of the incubation relative to the noUV treatment,
suggesting that a fraction of the ambient ligand-bound Fe was photoreactive. Fe-binding organic ligand production was observed in the unfiltered light treatments in association with increasing chlorophyll a, and evidence for Cu-binding ligand production in these treatments was also observed. Biological uptake of Cd and
Co was observed along with scavenging of dissolved Pb. Manganese appeared to be rapidly oxidized by Mnoxidizing bacteria with concomitant drawdown of dissolved Ni. Scandium displayed similar trends to Fe,
reinforcing the limited observations of the physicochemical similarities between these two elements in seawater. Overall, this study highlights distinct impacts of photochemical processes, scavenging, and biological
effects on marine trace metal cycling in an environment characterized by seasonal upwelling.
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The importance of iron (Fe) as a micronutrient has been
established for nearly three decades (Martin and Fitzwater
1988). It is now recognized that Fe limits primary productivity
in as much as 40% of the surface ocean and exerts significant
influence on carbon cycling in the global ocean (Moore et al.
2004; Boyd et al. 2007; Tagliabue et al. 2017). Although Fe is a
major constituent of the Earth’s crust, its physicochemical
properties result in low solubility in oxygenated seawater (Liu
and Millero 2002). This scarcity in the water column is compounded by a high biological demand for Fe as a cofactor in
enzymes that mediate critical biochemical reactions in phytoplankton such as nitrogen fixation and photosynthesis (Sunda
1989; Morel and Price 2003).
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In addition to Fe, a suite of bioactive metals including
copper (Cu), nickel (Ni), cobalt (Co), cadmium (Cd), and
manganese (Mn), among others, have garnered attention for
their biological utilization by phytoplankton and have been
studied to determine the influence they exert on primary
production in the oceans (Sunda 1989; Bruland et al. 1991;
Morel and Price 2003; Twining and Baines 2013). For example, Cu is used by Fe-limited diatoms as a cofactor in a high
affinity Fe uptake system (Maldonado et al. 2006), and insufficient Cu has been suggested to co-limit phytoplankton
growth along with Fe in the subarctic North Pacific (Peers
et al. 2005). For some diatom and cyanobacteria taxa, Cd
and Co can substitute for Zn in the carbonic anhydrase (CA)
enzyme (Price and Morel 1990; Sunda and Huntsman 1995a;
Cullen and Sherrell 2005; Xu and Morel 2013), while other
taxa require Cd for a distinct Cd-CA (Lane and Morel 2000)
and cyanobacteria have an obligate Co requirement (Sunda
and Huntsman 1995a; Saito et al. 2002). However, elevated
Cu and Cd have also been shown to inhibit phytoplankton
growth due to intracellular oxidative stress and antagonism
of micronutrient uptake (Brand et al. 1986; Sunda 1989;
Sunda and Huntsman 1996). Nickel is required for the acquisition of nitrogen in the form of urea and can be used as a
cofactor in a superoxide dismutase to mediate oxidative
stress (Price and Morel 1991; Dupont et al. 2010). Many of
these enzymes may also have effective (and ineffective)
metal substitutes, complicating trace metal biogeochemistry
in the surface ocean and our understanding of biological
requirements (Saito et al. 2008). Other metals may be useful
to tease apart some of these processes, such as scandium
(Sc), which has similar physiochemical characteristics to Fe
but no apparent biochemical role, and so may be useful in
distinguishing between biotic and abiotic mechanisms of Fe
cycling (Parker et al. 2016). Similarly, lead (Pb) has no biological function but is especially prone to scavenging via surface absorption to cells and may be passively accumulated
through calcium acquisition pathways (Burnett and Patterson 1980; Fisher et al. 1987). Quantifying the cycling of
these elements in the ocean requires a deeper understanding
of the biogeochemical processes that control their concentrations, speciation and resulting bioavailability in the water
column.
In seawater, the dominant chemical forms of these trace
metals play a governing role in their bioavailability to planktonic communities. Typically > 99% of dissolved Fe and Cu
is complexed by a heterogeneous pool of organic ligands
(Coale and Bruland 1988; Gledhill and Van Den Berg 1994;
Rue and Bruland 1995; Wu and Luther 1995; Moffett and
Dupont 2007), and recent studies by the GEOTRACES program indicate that this extensive organic complexation persists throughout the water column and across ocean basins
(Buck et al. 2015; Gerringa et al. 2015; Jacquot and Moffett
2015). Changes in ligand concentration appear to be linked
to biological activity, as demonstrated in field incubations

(Lohan et al. 2005; Buck et al. 2010; King et al. 2012; Bundy
et al. 2016) and large-scale fertilization experiments (Rue
and Bruland 1997; Kondo et al. 2008). Most bioactive metals
including Zn (Bruland 1989; Ellwood and Van Den Berg
2000; Lohan et al. 2005), Co (Ellwood and Van Den Berg
2001; Saito and Moffett 2001), Cd (Bruland 1992), Mn (Oldham et al. 2015), Pb (Capodaglio et al. 1990), Ni (Nimmo
et al. 1989; Saito et al. 2004), and perhaps even Sc (Rogers
et al. 1980) form organic complexes to varying degrees
in seawater, although they remain far less studied than Fe
and Cu.
Marine Fe has been shown to be physically partitioned
across a wide size spectrum that includes soluble complexes
(< 0.02 lm) that are “truly dissolved,” colloidal complexes
(0.02–0.2 lm in size) that include both inorganic and
organically-complexed particles small enough to fall in the
operational “dissolved” size fraction (< 0.2 lm), and larger
particulate compounds (> 0.2 lm in size) (Bergquist et al.
2007; Fitzsimmons and Boyle 2014). Additional complexity
exists in the biogeochemical cycling of metals that exist in
more than one redox state in seawater. Metals such as Fe,
Mn, and Cu are subject to reduction by photochemistry in
the surface ocean, which changes their chemical properties
and thus their solubility and bioavailability to primary producers (Morel and Price 2003). While some bacteria can
access organically complexed Fe directly, most phytoplankton preferentially take up inorganic Fe (Morel et al. 2008)
and must access ligand-bound Fe using a cell surface reductase to reduce dissolved Fe(III) to Fe(II) (Maldonado and
Price 1999; Maldonado and Price 2001; Lis et al. 2015). Laboratory experiments have also shown that some marine
derived Fe-bound siderophores degrade in the presence of
natural sunlight, resulting in Fe(II) and weaker oxidized
organic ligands (Barbeau et al. 2001; Barbeau et al. 2003; Barbeau 2006). Although photochemical degradation is the proposed mechanism for surface minima in organic ligand
concentrations, field experiments have reported variable
ligand photolability in natural waters (Powell and WilsonFinelli 2003; Rijkenberg et al. 2006; Bundy et al. 2016).
Field incubation studies are a useful tool for probing the
response of natural planktonic communities to changes in
micronutrient availability and the processes controlling
metal bioavailability. Grow out experiments tracking
changes in Fe speciation report strong (i.e., L1-type) ligand
production under Fe-limiting conditions, hypothesized to be
tied to elevated nitrate: dissolved Fe (dFe) ratios (Buck et al.
2010; King et al. 2012; Bundy et al. 2016). Other incubations
have shown that siderophore (also an L1-type ligand) bound
Fe is bioavailable to planktonic communities (Maldonado
and Price 1999; Maldonado and Price 2001), providing a possible mechanism to explain the observed speciation changes.
However, it is still unclear if the cause of ligand production
in the surface ocean is a direct response to low Fe bioavailability. The organic ligand pool detected using conventional
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methods includes strong ligands, which are characteristic of
siderophores, but also other weaker ligand classes (i.e., L2 to
L4-type) that likely represent other metal-reactive portions of
the dissolved organic carbon pool such as polysaccharides,
humic substances, and high molecular weight compounds
(Gledhill and Buck 2012). Weak ligand production has also
been observed in incubations (Bundy et al. 2016) and attributed to remineralization by bacteria (Boyd et al. 2010), photochemical degradation of stronger L1 ligands (Barbeau et al.
2001), and viral cell lysis (Poorvin et al. 2011), although the
magnitude of each source contribution is still unclear.
Indeed, viruses themselves have recently been proposed to
constitute a colloidal-sized Fe-binding ligand (Bonnain et al.
2016). The existing observations demonstrate the complexity
of trace metal cycling in the surface ocean and the value of
experimental studies in natural marine systems.
The processes outlined above are central in dynamic
ocean environments like the California Current System
(CCS), an eastern boundary upwelling environment characterized by seasonally high productivity and a mosaic of iron
limitation (Hutchins et al. 1998; Bruland et al. 2001; Chase
et al. 2007). In this study, the role of light and ambient phytoplankton communities on the biogeochemical cycling of
Fe and a suite of other bioactive metals was investigated in a
3-d shipboard incubation experiment in the CCS. This experiment applied treatments of different light conditions (with
and without UV) in the presence and absence of natural
planktonic communities to identify the roles of light-driven
abiotic vs. biotic processes on trace metal concentrations
and physiochemical speciation. These experiments traced
both chemical and biological parameters including Fe and
carbon (C) uptake rates, total dissolved trace metal concentrations of Fe, Cu, Ni, Cd, Mn, Co, Pb, and Sc, sizefractionated partitioning of Fe and Cd, dissolved Fe and Cu
speciation measurements, macronutrient concentrations,
chlorophyll a (Chl a) measurements, and diatom community
structure using genetic markers. The combination of these
analyses provides novel insights into feedbacks between
trace metal chemistry, the light spectrum, and biological
processes in natural waters of the CCS.

Methods
Incubation setup
The incubation experiment described here was conducted
as part of a collaborative research effort in the CCS led by
Professor Ken Bruland on the R/V Melville in July 2014.
Water for the incubation experiment was collected off the
Oregon Coast (428390 N, 1248590 W, Fig. 1) on 21 July 2014. A
trace metal clean surface tow-fish system (Bruland et al.
2005) was used to collect water with a Teflon diaphragm
pump from 3 m to 5 m depth while the ship steamed slowly
forward (! 1–2 knots). Incoming seawater was collected and
homogenized in a 210-L high-density polyethylene barrel

Sta.
28

Oregon
California

Fig. 1. Sampling location for incubation water collection during the
July 2014 cruise. The homogenized water used in the experiment was
collected near IrnBru cruise Sta. 28 off the coast of southern Oregon.
The map is overlaid with the 0 m, 200 m, 400 m, 600 m, 800 m, 1000
m, and 2000 m isobaths.

that had been cleaned by soaking with 1% hydrochloric acid
(HCl) for several days, rinsed with Milli-Q water (" 18.2 MX
cm), and rinsed with seawater sample prior to filling. After
filling the barrel, the homogenized water was then pumped
into 10-L low-density polyethylene (LDPE) CubitainersV
(Fisher Scientific 05–719-307) that had been acid-cleaned
with 10% trace metal grade HCl and rinsed twice with the
experimental seawater prior to filling. An acid-cleaned, seawater-flushed 0.2 lm Acropak filter capsule (Pall 500, Fisher
Scientific) was used in-line to filter out planktonic communities and particles to fill a subset of the Cubitainers with seawater from the barrel. During filling, each Cubitainer was
randomly assigned to a treatment, labeled, and deposited in
deck-board incubators, a process which took ! 3.5 h in total
from start to finish. Cubitainers were removed from the
incubators at random during each sampling time point. A
schematic of the Cubitainer filling process and treatment
assignments is shown in Fig. 2.
The deck-board incubators were made of PlexiglasV, fitted
with hoses to allow continual circulation of surface seawater,
and covered with a layer of neutral density screening to
achieve ! 50% attenuation of ambient light. Temperature
and light intensity measurements were recorded continuously through the experiment using a data logger (HOBO)
placed in an adjacent incubator with the same conditions as
these incubators. While the HOBO loggers did not measure
UV intensity, the National Oceanic and Atmospheric
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Fig. 2. Flow chart depicting the setup of the incubation. A large 210-L
plastic barrel was rinsed three times and then filled with surface water
collected from a towed sampling fish. Once filled, the water in the barrel
was pumped into acid cleaned Cubitainers, either unfiltered or filtered
with a 0.2 lm in-line filter. Each Cubitainer was placed in an incubator
with one of three light treatments: UV (white), noUV (gray), and Dark
(black). UV and noUV treatments contained three replicates (a–c) for
each time point.

conditions present in the initial sample and that replicates
(a, b, and c in Fig. 2) were representative of each other
within treatments. The advantage of this sampling approach
was that it minimized the potential for contamination of the
Cubitainer during sampling, which would have complicated
interpretation of results from later time points from the
same container. A drawback of this approach was that it limited assessment of Cubitainer-specific effects (contamination,
variable light exposure, differential grazing, etc.) on the
parameters measured, likely resulting in higher intratreatment variability, though these effects were expected to
be negligible compared to inter-treatment variability.
The incubation was started at 13:00 h local time and a
random Cubitainer from each treatment was sampled at 6 h,
29 h, 53 h, and 84 h. For the unfiltered light treatments
(both UV and noUV), three replicates (Cubitainers a, b, c)
were sampled for each time point. For the Dark treatments
and all of the filtered treatments, only one Cubitainer was
sampled at each time point (Fig. 2). Note that the notation
for replicates (a, b, c) was assigned at random by the order
sampled.

Administration (NOAA) Climate Prediction Center recorded
a “high” (8–10) UV index in July 2014 at monitoring stations from San Francisco, California and Portland, Oregon,
the two nearest stations to our study site. There were three
different light conditions employed in this experiment (Fig.
2): full spectrum natural light (“UV” treatment, no PlexiglasV
cover on the incubator), the same full spectrum light but
without the UV wavelengths (“noUV” treatment, with a UVfiltering PlexiglasV cover on the incubator), and dark (“Dark”
treatment, in the same incubator in a heavy duty black plastic trash bag). The Cubitainers themselves allowed 80%
transmittance of the light spectrum but reduced the UV (<
400 nm) transmittance to 60% for the light treatments; the
addition of the PlexiglasV, used for the noUV treatment, further reduced the UV transmittance to 0% (Supporting Information Fig. S1). For each of the light treatments, a subset of
Cubitainers containing 0.2 lm-filtered seawater were filled as
controls for the unfiltered treatments in order to facilitate distinction between bottle effects and particle influences in the
experiment.

Total dissolved trace metals (Fe, Cu, Ni, Cd, Mn, Co, Pb,
and Sc)
Samples collected for dissolved trace metals were filtered
through acid-cleaned 0.2 lm polycarbonate track-etched
(PCTE; Whatman) filters on an all-Teflon filtration rig (Savillex) under ! 0.5 atm pressure into acid-cleaned and samplerinsed 125 mL LDPE (Nalgene) bottles. Filtrate was acidified
at sea with the equivalent of 4 mL 6 M quartz-distilled HCl
per liter of seawater (to 0.024 M HCl, pH ! 1.8) and left
acidified for ! 8 months prior to analysis (Johnson et al.
2007). Dissolved metals were analyzed at the University of
California Santa Cruz with an adaptation of Biller and Bruland (2012) as described in Parker et al. (2016). Briefly, this
method involved UV irradiation of the seawater samples for
120 min to ensure recovery of the organic-bound Cu and
Co, followed by pre-concentration of the metals of interest
on Nobias PA1V chelating resin at pH 6.0. Metals were eluted
from the column with 1 N quartz-distilled nitric acid
(HNO3), and the eluent was analyzed on an Element XR
inductively coupled plasma mass spectrometer (ICP-MS)
using standard curves and standard additions for quantification of concentrations and percent recoveries. The accuracy
of metal concentrations measured using this method was
assessed by reference to consensus values of seawater reference materials (Table 1).

Incubation sampling
The experimental sampling design (Fig. 2) used was
intended to minimize sample handling and the associated
contamination risks by eliminating repeat-sampling from a
single Cubitainer at various time points (Lohan et al. 2005).
Instead, an entire Cubitainer was sampled at each time point
and it was assumed that all Cubitainers began with identical

Size-fractionated Cd and Fe
Dissolved (< 0.2 lm) metals were separated into soluble
(< 0.02 lm) and colloidal (0.02–0.2 lm) size fractions by
passing seawater through acid-cleaned, 47 mm Anodisc (0.02
lm) membrane filters on an all-Teflon filtration rig (Savillex)
under ! 0.5 atm of pressure (Fitzsimmons and Boyle 2014).
Ultrafiltrate containing the soluble metal fraction was
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Table 1. Measured and consensus values for seawater reference samples collected using the two analytical methods in this study:
the OSC method of Parker et al. (2016) (for < 0.2 lm dissolved samples) and the SeaFAST Isotope Dilution method modified from
€ m et al. (2013) (for < 0.02 lm soluble samples). Consensus values are valid as of May 2013 and are taken from http://www.
Lagerstro
geotraces.org/sic/intercalibrate-a-lab/standards-and-reference-materials.
SAFe S
Metal
(nmol kg21)

OSC

SeaFAST

SAFe D2
Consensus

OSC

SeaFAST

Consensus

1.0 6 0.2 (n517)

1.2 6 2.3 (n525)

1.1 6 0.3

974 6 25 (n523)

1002 6 13 (n525)

Fe

0.095 6 0.014 (n512)

0.097 6 0.024 (n525)

0.093 6 0.008

0.98 6 0.19 (n519)

0.938 6 0.057 (n525)

0.933 6 0.023

Mn
Ni

0.81 6 0.07 (n523)
2.36 6 0.15 (n524)

—
—

0.79 6 0.06
2.28 6 0.09

0.37 6 0.04 (n520)
8.48 6 0.47 (n523)

—
—

0.35 6 0.05
8.63 6 0.25

Cd*

986 6 23

Cu

0.51 6 0.04 (n524)

—

0.52 6 0.05

2.19 6 0.08 (n523)

—

2.28 6 0.15

Co*
Pb*

5.3 6 1.1 (n522)
48.5 6 2.2 (n527)

—
—

4.8 6 1.2
48.0 6 2.2

46.6 6 3.6 (n523)
26.7 6 1.1 (n523)

—
—

45.7 6 2.9
27.7 6 1.5

Sc*

1.00 6 0.30 (n527)

—

—

6.62 6 0.39 (n523)

—

—

*Values are presented in pmol kg21.

collected into acid-cleaned 60 mL LDPE bottles after a single
bottle rinse and then acidified with the equivalent of 4 mL
of 6 M quartz-distilled HCl per liter of seawater to achieve
0.024 M HCl in the samples (Johnson et al. 2007).
Approximately a year after acidification, soluble Fe and
Cd were analyzed after preconcentration using an offline
adaptation of the SeaFAST pico metal extraction system onto
€ m et al.
Nobias PA1 chelating resin at pH 6.5 (Lagerstro
2013). Quantification was accomplished by isotope dilution
for Fe and Cd, which were eluted in 10% v/v Optima HNO3.
The eluent was analyzed on a Thermo Fisher Element 1 ICPMS at the Rutgers Inorganic Analytical Laboratory in low
(Cd) and medium (Fe) resolution. Colloidal Fe and Cd were
calculated by subtracting the soluble concentrations from
the dissolved concentrations.
The accuracy of metal concentrations measured using this
method were assessed and compared to the offline standard
curve (OSC) analytical method used in this study by reference to consensus values of seawater reference materials
(Table 1) and by intercalibration with field samples (Supporting Information Fig. S2). While the two methods generally
agreed with consensus values for both elements, dFe measurements of SaFe D2 from the OSC method gave values !
5% higher than the consensus. A separate intercalibration of
0.2 lm filtered seawater samples collected at Sta. 9 of this
cruise (398230 N, 1248400 W) using GO-Flo bottles suspended
on a KevlarTM wire (Bruland et al. 1979) showed that dFe
and dCd compared well for these samples across the two dissolved metal analytical methods (Supporting Information
Fig. S2).
Dissolved Cu and Fe speciation
Filtered (< 0.2 lm, PCTE, see dissolved trace metals section
above) samples were collected for dissolved Fe-binding and
Cu-binding organic ligand analyses in 500 mL fluorinated

polyethylene bottles (Buck et al. 2012). These sample bottles
were cleaned by soaking in a soap bath for at least 1 week, and
then placed in a 25% trace metal grade HCl bath for at least a
month. After 1 month, bottles were removed and rinsed 3–5
times with Milli-Q water before being stored filled with MilliQ until use. Bottles were rinsed again with filtered seawater
prior to filling with sample. Samples were then either refrigerated and analyzed within hours of sampling or frozen (2208C)
for analysis back in the laboratory.
Cu- and Fe-binding organic ligands were measured using
competitive ligand exchange adsorptive cathodic stripping
voltammetry (CLE-AdCSV). The competitive ligand salicylaldoxime (SA) was used to compete with natural ligands (Campos and Van Den Berg 1994; Rue and Bruland 1995; Buck
and Bruland 2005; Buck et al. 2007; Buck et al. 2015) and
measurements were made on a BioAnalytical Systems (BASi)
controlled growth mercury electrode interfaced with an Epsilon 2 analyzer (BASi). For Cu titrations, 15 additions from
10 nM to 25 nM Cu were used and for Fe, 15 additions from
10 nM to 10 nM Fe were used in separate vials. Final SA
concentrations of 2.5 lM and 25 lM were used for Cu and
Fe speciation measurements, respectively (Buck et al. 2012).
Metal additions were allowed to equilibrate for at least 2 h
(and often overnight), and SA additions were equilibrated at
least another 1 h before analysis (Buck et al. 2012; Abualhaija and Van Den Berg 2014). Deposition times of 300 s
and 90 s were used for Cu and Fe speciation, respectively,
and Cu samples were purged with N2 gas for 180 s prior to
analysis (Campos and Van Den Berg 1994; Buck and Bruland
2005; Jacquot and Moffett 2015).
Titration data for both metals was interpreted using
ProMCC software (Omanović et al. 2015; Pi"zeta et al. 2015),
which fits the data using multiple regression models. The
software was able to fit all titrations for at least one ligand
class and several titrations for two ligand classes. Due to the
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difficulty in resolving two ligand classes, particularly for Cu,
we chose to model Cu-binding ligands using a single ligand
class. This speciation information was then used to calculate
the free [Cu21] using a quadratic derivation and the assumed
side-reaction coefficient of 200 for weaker ligands (Moffett
and Dupont 2007). Values presented for a0 FeL and a0 CuL were
P
cond
cond
calculated as i51 eLi # KFeL
, respectively.
0 and eL # K
CuL;Cu21
i ;Fe
For Fe-binding ligand results, ligand classes were assigned by
measured conditional stability constants as described by
Gledhill and Buck (2012). Detection limits additional details
of this approach are provided in Buck et al. (2015).
Iron and carbon uptake
Fe and C uptake rates were measured twice over a 7-h
period on day 1 of the incubation using 1-L Cubitainers
(Fisher Scientific 14-375-115B) with triplicates for each light
treatment, henceforth termed “short-term Fe uptake.” The
radiotracer 55Fe was added at low concentrations (0.2 nM;
specific activity 10.18 mCi mg21 Fe) in order to prevent
changes to in situ Fe speciation, but allow equilibrium with
ambient organic ligands. To prevent the loss of 55Fe to the
walls of the Cubitainers, 55Fe was first bound to 0.3 nM
EDTA, and then equilibrated for 2 h with 50–100 mL of in
situ seawater to allow complexation with ambient organic
ligands. This was confirmed by organic complexation measurements of cold (nonradioactive) Fe-EDTA additions, which
found the addition to behave as an inorganic Fe addition,
binding to the excess L1 type ligands present in the sample
over the titration equilibration. C uptake rates were measured concomitantly, by adding 20 lCi L21 of the radiotracer
14
C (as NaH14CO3; specific activity 52.5 mCi mmol21).
Fe uptake rates were also measured separately on day 1
(! 24 h), day 2 (45–50 h), and day 3 (75–80 h), henceforth
called “long-term Fe-uptake” measurements. For these measurements, 0.2 nM 55Fe was added at the start of the experiment (as described above) to separate 10-L Cubitainers in the
UV and noUV treatments (in triplicate). These Cubitainers
were resampled twice per day over the course of the experiment (days 1 and 3). This experiment allowed 55Fe to equilibrate with the in situ Fe and organic ligands and be exposed
to the abiotic and biotic processes in the Cubitainers over the
full time course of the experiment. The samples were collected by sequentially filtering onto 47 mm polycarbonate filters (0.2 lm, 1 lm, and 5 lm) that were separated by drain
disks. The Fe and C uptake data were normalized to phytoplankton biomass using Chl a concentrations from each replicate. Data were collected in triplicate, allowing a statistical
comparison of the effect of different light treatments on Fe
and C uptake rates using an analysis of variance (ANOVA).
Detailed descriptions of the measurement methodology can
be found in previous work (Maldonado and Price 1999).
When the concentrations of Fe are mimicked in a culture
vs. in a short-term Fe uptake experiments, the calculated
steady-state Fe uptake rate should be identical to the short-

term Fe rates. We report both short-term Fe uptake rates and
what we called long-term Fe uptake rates, which would be
equivalent to steady-state Fe uptake rate in culture.
Diatom community composition
DNA was collected from the same 47 mm diameter 0.2
lm pore size PCTE filters used in dissolved metal filtration,
which were placed in 2 mL cryotubes filled with QiagenV
RLT Plus Buffer (Qiagen, Germany), frozen in liquid nitrogen, and stored at 2808C until processing. Filters were
extracted using the QiagenV Allprep RNA/DNA co-extraction
with an additional bead-beating step and homogenation
using the QIAshredder column (Qiagen, Germany). The V4
region of the 18S rDNA was amplified by polymerase chain
reaction (PCR) in triplicate using primers designed to target
diatoms (Zimmermann et al. 2011) that were modified for
Illumina sequencing and sequenced by the Rhode Island
Genomics & Sequencing Center at the University of Rhode
Island on the Illumina MiSeq sequencer using the 2 3 250 bp
sequencing kit. Additional details on the molecular methods
employed in this study are provided in the accompanying
Supporting Information.
R

R

Chlorophyll and macronutrients
For size-fractionated Chl a, samples were filtered onto 5
lm, 1 lm, and 0.2 lm PCTE filters, separated by drain-disks,
and extracted in methanol overnight at 48C. The methanol
extracts were then measured by fluorometry for Chl a determination (Holm-Hansen and Riemann 1978). Total Chl a
was determined to be the summation of all size fractions
measured. Nitrate 1 nitrite, phosphate, and silicate were
determined in filtered (< 0.2 lm, see trace metal sampling
below) samples using a Lachat QuickChem 800 Flow Injection Analysis System following standard spectrophotometric
methods (Parsons 1984).

Results
Initial conditions
This incubation experiment was conducted in July 2014
off the coast of southern Oregon (Fig. 1). The seawater used
for the incubation experiment was pumped from 3 m to 5 m
depth via a towed “fish” (Bruland et al. 2005), and was characterized by an initial temperature of 10.48C and a salinity
of 33.4. The initial temperature of the incubator was 12.88C.
Total initial Chl a concentrations were low (1.19 lg L21) in
the homogenized waters, and nearly half of the initial biomass was detected in the 1–5 lm size fraction with the other
half roughly split between the larger (> 5 lm) and smaller
(0.2–1 lm) size fractions (Figs. 3, 4; Supporting Information;
Table S1). Initial concentrations of the macronutrients nitrate 1 nitrite (“nitrate”), phosphate, and silicate were 17.0 lM,
1.52 lM, and 17.8 lM, respectively (Fig. 3; Table S1). Initial
concentrations of the dissolved metals Fe, Cu, Ni, Cd, Mn,
Co, Pb, and Sc were 0.90 nM, 1.46 nM, 5.23 nM, 570 pM,
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Fig. 3. Macronutrient concentrations (lM) and total Chl a (lg L21)
measurements for UV (black triangles) and noUV (gray squares) treatments in the 84-h incubation. (A) nitrate 1 nitrite (nitrate), (B) phosphate, (C) silicic acid, (D) total Chl a concentrations. Error bars
represent the standard deviation of the replicate measurements. Total
Chl a represents the summation of all three (> 5 lm, 1–5 lm, and 0.2–
1 lm) size fractions measured.

3.72 nM, 157 pM, 32.9 pM, and 2.8 pM, respectively (Fig. 5;
Table S2). The colloidal fractions of Fe and Cd at the start of
the incubation were 62% and 7%, respectively, of the total
dissolved concentrations (Fig. 6). Initial concentrations of Febinding organic ligands were 1.38 nM of a stronger L1-class
cond
cond
ligand (log KFeL;Fe
with log KFeL;Fe
and
0 > 12)
0 5 12.98 nM
cond
1.70 nM of a weaker L2-class ligand (log KFeL;Fe
0 5 11.05),
resulting in a total Fe-binding organic ligand concentration of
3.08 nM with 2.18 nM of ligands in excess of dissolved Fe
concentrations (Fig. 7; Table S3). Dissolved Cu-binding
organic ligands were not analyzed for the initial conditions,
but values from ! 40 m depth from nearby Sta. 28 were 3 nM
cond
with log KCuL;Cu
21 5 13.87 (Caprara et al. unpubl.).
Dark treatments
A combination of filtered and unfiltered Dark treatments
was employed to evaluate potential bottle effects of the
Cubitainers over time (Darkfiltered) and the relative influence
of remineralization and scavenging processes (Dark) on
results in the absence of light. There was only one Cubitainer for each Dark time point, and results from these treatments were thus limited to a single replicate. In the Dark,
total Chl a declined by ! 40% over the 84 h incubation (Fig.
3). Chl a samples were not collected from any of the filtered
treatments since particles were filtered out of these treatments prior to incubation. Final nitrate and silicate concentrations were within 2% of initial concentrations in both

Dark treatments, while phosphate concentrations in the
Dark and Darkfiltered bottles were lower in final time points
by 12.5% and 10%, respectively (Fig. 3).
Dissolved concentrations of Cd, Cu, Co, and Pb were
nearly identical between initial and final time points in both
the Dark and Darkfiltered treatments and dCd concentrations
remained between 96% and 99% as soluble form for the
entirety of the incubation in these treatments (Figs. 5, 6). In
the Darkfiltered treatment dNi and dMn also remained relatively constant, while in the Dark dNi and dMn concentrations declined over the course of the incubation, by 29%
and 65%, respectively (Fig. 5D,G). Dissolved Fe and dSc concentrations in both Dark and Darkfiltered treatments declined
and remained below initial concentrations for the first 53 h
of the incubation. Between the last two time points of both
treatments, however, dFe and dSc concentrations increased
to concentrations at or above initial conditions in the 84 h
sample (Fig. 5P,S). Final dFe concentrations in the Darkfiltered
and Dark treatments were 0.91 nM and 2.0 nM, respectively,
with the dFe increase detected almost entirely in the colloidal fraction (Fig. 6G–L). Final concentrations of dSc for Darkfiltered and Dark treatments were 7.6 pM and 4.8 pM,
respectively (vs. 2.8 pM initially); the colloidal fraction of
this element was not measured. The dissolved concentrations of Cd, Cu, Co, and Pb also appeared to increase slightly
between these last two time points in the Dark treatment
only, though the absence of replicate samples precludes
assessment of significance in these measurements.
Dissolved Cu- and Fe-binding organic ligands decreased
over the course of the incubation in both the Darkfiltered and
Dark treatment bottles. Total Fe-binding ligand concentrations
decreased from 3.08 6 0.29 nM initially to final concentrations
of 2.18 6 0.22 nM in Darkfiltered and 2.55 6 0.09 nM in Dark
(Fig. 7). For Cu, ligand concentrations decreased from 2.72 6
0.11 nM to 2.23 6 0.11 nM between the 6 h and 84 h time
points in the Darkfiltered, and from 3.84 6 0.29 nM to 2.59 6
0.17 nM over the same period in the Dark (Fig. 7; Supporting
Information Table S4). Excess ligand concentrations
([eLCu] 5 [LT] 2 [dCu], [eLFe] 5 [LT] 2 [dFe]) generally followed
the trends of total ligand concentrations between individual
time points in the Dark and Darkfiltered treatments for both
metals (Fig. 7A,D).
Abiotic (filtered) light treatments
Filtered (< 0.2 lm) light treatments (both UVfiltered and
noUVfiltered) were employed to evaluate whether photochemical reactions impact bottle effects. These treatments displayed
similar results to those observed in the Darkfiltered treatment;
light alone did not have a pronounced effect on macronutrient concentrations, dissolved metal concentrations, or metal
speciation (Fig. 5). As with the Dark treatments, these abiotic
light treatments were also limited to a single Cubitainer (i.e.,
a single replicate) and so while trends are noted, significance
of these trends could not be assessed. Dissolved Cu, Ni, Cd,
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Fig. 4. Size fractionated Chl a (lg Chl a L21) and iron (Fe) uptake measurements (pmol Fe lg Chl a21 h21) for UV (black triangles) and noUV (gray
squares). Chl a is presented for three different size fractions: (A) > 5 lm, (B) 1–5 lm, and (C) 0.2–1 lm over the 84 h incubation. In the lower panels,
the combined short-term (< 7 h) and long-term (! 24 h, 47 h, and 78 h) Fe uptake rates are displayed for the same size fractions (D) > 5 lm, (E) 1–
5 lm, and (F) 0.2–1 lm over the same period. Error bars represent the standard error of the averages calculated triplicate measurements. * results
that are significantly (ANOVA, p < 0.05) different between UV and noUV measurements.

Mn, Co, and Pb presented minimal concentration changes
through the incubation in all of the filtered treatments, with
no discernible difference between the Darkfiltered, UVfiltered,
and noUVfiltered (Fig. 5). Dissolved Fe and Sc patterns were
similar in the UVfiltered and noUVfiltered to that observed in
the Darkfiltered, with dFe and dSc concentrations decreasing
after the initial time points and increasing dramatically
between the last two time points (Fig. 5).
The total concentration of Fe-binding organic ligands
remained relatively constant in the presence of UV light, but
cond
they transitioned toward a weaker L2 class (log KFeL;Fe
0 between
11.25 and 11.9) with the exception of the final sample, in
which a large concentration of L1 ligands was detected concomitantly with the increase in colloidal Fe (Figs. 6C,D, 7B,C).
In the noUV treatment, L1 concentrations declined slightly
from 1.2 nM to 0.8 nM for the first 53 h of the incubation,
before increasing twofold in the final time point sample (Fig.
6B,C). Organic Cu-binding ligands in the UVfiltered treatment
declined by 23% between the 6 h and 84 h samples of the
cond
incubation with log KCuL;Cu
21 values ranging between 13.5 and
14. In the noUVfiltered, Cu-binding ligand concentrations
declined slightly less, by ! 15%, over the same interval with
cond
log KCuL;Cu
21 values between 13.3 and 14 (Fig. 7E,F).
Unfiltered light treatments
The unfiltered light treatments (UV and noUV), as
expected, were the only treatments that exhibited measurable
phytoplankton growth during the incubation. After an initial
lag time of ! 29 h, total Chl a concentrations increased
nearly threefold by the 84 h time point in the UV and noUV

treatments (Fig. 3). The majority of this increase was in the
largest size fraction (> 5 lm; Fig. 4), and by the end of the
experiment, the largest size fraction comprised 76–80% of the
total Chl a (Fig. 4). The biological response resulted in very
similar nitrate drawdowns in both of the light treatments during the incubation, by 50% and 55% in UV and noUV,
respectively (Fig. 3).
The final sequence data used in the diatom community
composition analysis has been submitted to the NCBI
Sequence Read Archive with the Bioproject ID PRJNA379150.
Bray-Curtis dissimilarity data showed that in both UV and
noUV treatments there was very little change in the overall
diatom community composition between the 29 h and 53 h
sampling times, but a major shift in the community composition between the 53 h and 84 h samples (Fig. 8). Grouping
the data at the genus level and examining the top 10 genera
of representative samples from each cluster revealed a shift in
the UV and noUV treatments between the 53 h and 84 h samplings from a diatom community dominated by Thalassiosira
spp. to one dominated by Pseudo-nitzschia spp. (Fig. 9).
Short-term Fe uptake rates during the first 8 h of the
experiment were approximately twofold faster (ANOVA,
p < 0.05) in the UV compared to the noUV. This trend was
observed in all three-size fractions (Table 2; Fig. 4D–F). The
effect of UV on Fe-uptake was most pronounced for the
largest (> 5 lm) size fraction and least pronounced in the
smallest phytoplankton (0.2–1 lm; Table 2; Fig. 4). In contrast to Fe uptake, the rates of short-term C uptake were
not statistically significant in the two light treatments
(Table 2).
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After 29 h, long-term Fe uptake measurements treatments
with UV light were still higher than those without UV light
for the 1–5 lm and the > 5 lm phytoplankton size fractions,

although these differences were not statistically significant
(Supporting Information Table S5; Fig. 4). In contrast, the
rates of Fe uptake after 29 h in the smallest size fraction
(0.2–1 lm) were faster in the noUV treatment, which were !
10-fold faster than the short-term Fe uptake rates (Tables 2,
S5). After 29 h, Chl a increased in all size fractions such that
Fe uptake rates normalized to Chl a biomass correspondingly
decreased (Fig. 4). At the 53 h sampling time point, the rates
of Fe uptake were identical for both light treatments, regardless of size fraction. At the 84 h time point, Fe uptake rates
in the largest size fraction (> 5 lm) were significantly faster
in UV (ANOVA, p < 0.05) relative to the noUV treatment
(Fig. 4D).
With the exception of Cu, dissolved metal concentrations
decreased over the course of the incubation in both UV and
noUV (Fig. 5). In the case of dissolved Cd, Ni, Co, Pb, and
Mn, concentration decreases were largest between the 53 h
and 84 h time points (t-test, p < 0.05) relative to the 6 h
measurement (Fig. 5). Soluble Cd concentrations tracked
dCd concentrations over the incubation (Fig. 6A–D). Dissolved Fe and Sc, however, displayed either no change in
concentrations between these last two time points (e.g.,
noUV, Fig. 5Q,T) or an increase in concentration (e.g., UV,
Fig. 5O,R). Soluble Fe concentrations remained low through
the end of the incubation, indicating that any increases in
dFe were in the colloidal size fraction (Fig. 5R,U). Although
there was substantial variability in replicate measurements,
dCu was the only metal that did not show clear increases or
decreases over the course of the incubation in these treatments (Fig. 5K,L).
Total dissolved Fe-binding organic ligand concentrations
and excess Fe-binding ligand concentrations increased in the
UV and noUV treatments between the 29 h and 53 h time
points, concomitant with the Chl a increases observed (Fig.
7). In the noUV treatment, ligand concentrations and excess
ligand concentrations declined between the 53 h and 84 h
time points, with final concentrations of both parameters
similar to the concentration in the noUVfiltered at this time
point, although the data represents only one replicate measurement due to sample volume constraints. In the UV,
however, total and excess Fe-binding ligand concentrations

Fig. 5. Dissolved metal concentrations of filtered (< 0.2 lm; filled

Fig. 5. see next page for caption

gray) and unfiltered (filled black) seawater for the three light treatments.
Concentrations of dissolved (< 0.2 lm) (A–C) cadmium, (D–F) nickel,
(G–I) manganese, (J–L) cobalt, (M–O) lead, (P–R) iron, (S–U) scandium,
and (V–X) copper are presented for Dark (left), noUV (middle), and UV
(right) treatments. Each data point represents a discrete replicate of the
treatment time point, error bars represent the relative standard deviation
of analytical measurements of each time point replicate, and the line
connects the average of all results for the treatment time points. Note
that no replicate time point samples exist for Dark and filtered treatments. * results that are significantly different (t-test, p < 0.05) from the
6-h time point.
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continued increasing through the end of the incubation
experiments, with final concentrations nearly double the
concentrations observed in the UVfiltered (Fig. 7). A similar
trend was observed for total and excess Cu-binding organic
ligands, which also increased slightly over the course of the
incubation experiment in both the UV and noUV compared
to the filtered controls (Fig. 7). In the noUV, this increase in
Cu-binding ligand concentrations was small but statistically
significant relative to the 6 h speciation measurements (ttest, p < 0.05) in the 53 h and 84 h samples.

Discussion
Abiotic drivers of metal cycling
The effect of UV light and temperature on Fe uptake
In the first 6–7 h of the experiment, there were significantly faster short-term Fe uptake rates (ANOVA, p < 0.05) in
all size fractions of phytoplankton exposed to the UV treatment relative to those exposed to noUV (Table 2). Higher Fe
uptake rates in the presence of UV light were also observed
in the first measurement of the long-term uptake rates for
the > 5 lm and 1–5 lm size fractions, although these differences were not statistically significant (ANOVA, p > 0.05;
Table 2). These observations indicate that UV light increased
the bioavailability of in situ Fe to all phytoplankton at the
onset of the experiment. This is consistent with photochemical reductive dissociation of Fe from strong organic ligand
complexes resulting in release of highly bioavailable Fe(II)
(Barbeau et al. 2001).
After the first 29 h of the experiment, Chl a began to
increase, and the biomass-normalized long-term Fe uptake
rates decreased. Excess Fe-binding ligand concentrations
increased with the increase in biomass during the experiment, resulting in an inverse relationship between excess L
and Fe uptake rates (Fig. 10A,B), as was described in Maldonado and Price (2001). It is not clear from these data
whether slower Fe uptake rates may have stimulated ligand
production, resulting in the observed increase in excess L, or
whether increases in excess L as a function of community
growth led to slower Fe uptake rates due to competition for
Fe0 between excess L and the cell surface Fe transporters

Fig. 6. see next page for caption

Fig. 6. Dissolved (“d,” < 0.2 lm, filled black squares), soluble
(“s,” < 0.02 lm, open circles), and colloidal ([dM] 2 [sM], open triangles) for cadmium (Cd) and iron (Fe) concentrations for noUV (left) and
UV (right) treatments. For each light treatment, (A, B) dissolved Cd, (C,
D) soluble Cd, (E, F) colloidal Cd, (G, H) dissolved Fe, (I, J) soluble Fe,
and (K, L) colloidal Fe are presented. Each data point represents a discrete replicate of the treatment time point, error bars represent the relative standard deviation of analytical measurements of each time point
replicate, and the line connects the average of all results for the treatment time points. Note that colloidal cadmium and iron represents the
difference between the dissolved (< 0.2 lm) and soluble (< 0.02 lm)
data. Error bars represent the relative standard deviation for each
sample.
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Fig. 7. Dissolved (< 0.2 lm) concentrations of Fe- and Cu-binding ligands (nM) for three light treatments. (A–C) Fe- and (D–F) Cu-binding ligands
are presented for Dark (left), noUV (middle), and UV (right) treatments. Each subfigure displays the unfiltered (filled black) and filtered (< 0.2 lm;
filled gray) ligand concentrations, and excess ligand (eL) data is included using unfilled markers and dotted lines. Each data point represents a discrete
replicate of the treatment time point, error bars represent the relative standard deviation of analytical measurements of each time point replicate, and
the line connects the average of all results for the treatment time points. Note that no replicate time point samples exist for Dark and filtered treatments. * results that are significantly different (t-test, p < 0.05) from the 6-h time point.
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Fig. 8. A cluster dendrogram showing the Bray-Curtis dissimilarity of
diatom 18S amplicon sequencing results from all incubation treatments
sampled throughout the course of the experiment.

(Maldonado et al. 2001). Regardless, the reemergence of significantly (ANOVA, p < 0.05) faster Fe uptake rates for the
largest size fraction (> 5 lm) in the UV during the final
long-term Fe uptake measurement suggest that some of the
produced ligands may have been photoreactive, leading to
increased Fe bioavailability (Fig. 4D). Furthermore, Fe : C

assimilation ratios in the incubation were comparable to
those observed in cultures of coastal diatoms (Sunda and
Huntsman 1995b; Maldonado and Price 1996), even though
[Fe0 ] was almost two orders of magnitude lower in our experiment, indicating that some of the FeL was likely bioavailable (Table 2).
In addition to increased excess L concentrations competing for Fe0 , the increase in water temperature from 12.88C to
! 198C in the first 53 h of the incubation (Supporting Information Fig. S3) may have contributed to the lower Fe uptake
rates observed between those time points. Sunda and Huntsman (2003) have shown the photo-reductive steady state
concentration of Fe0 to be twofold to threefold higher at
108C vs. 208C in laboratory experiments with EDTA due to
the relatively unchanged rate of photo-dissociation relative
to the large negative effect on Fe(II)0 oxidation and chelation
of Fe(III)0 at lower temperatures. Similarly, Hassler et al.
(2013) reported twofold greater Fe0 values when conducting
CLE-AdCSV measurements on natural organic ligands at 48C
vs. ! 208C.
The effects of UV light on trace metal concentration and
speciation
Despite the difference in Fe uptake rates between the light
treatments, dissolved and soluble Fe concentrations were
indistinguishable (Fig. 5). Speciation measurements showed

S435

UV
29 h

noUV
29 h

UV
53 h

noUV
53 h

UV
84 h

noUV
84 h

Pseudo-nitzschia
Thalassiosira
Amoebophrya
Hyphochytrium
Corethron
Unknown Eukaryote
Leptocylindrus
Bolidomonas
Fragilariopsis
Minutocellus
Spumella
Thraustochytriidae
Minidiscus
Dinobryon
Trachydiscus
Pelagophyceae
Chaetoceros
Skeletonema
Kephyrion
Paraphysomonas
Aureococcus
Developayella
Other

Dark
53 h

Dark
84 h

Fig. 9. A series of pie charts that shows the fraction of diatom 18S
sequences attributed to a given genera for one representative sample of
each treatment and time point during the incubation. Only the top 10
genera from each of the representative samples are named with the
remaining genera grouped together in the “other” category.

cond
Fe was complexed by strong organic ligands (log KFeL;Fe
0 5
12.98 6 0.29) at the start of the incubation (Table S3). Siderophores are strong Fe-binding organic ligands produced by
bacteria as an Fe acquisition strategy (Sandy and Butler
2009). Previous studies of the influence of photochemistry
on Fe speciation have found that some siderophores are
highly photoreactive (Barbeau et al. 2002; Barbeau et al.
2003; Kupper et al. 2006; Amin et al. 2009), resulting in the
reduction and release of Fe from the complex and formation
of a weaker oxidized ligand. While nonphotoreactive siderophores are most commonly characterized from marine surface
waters (Mawji et al. 2008; Boiteau et al. 2013), there is also
genetic evidence for the production of photoreactive siderophores in natural waters that may be short-lived due to their
€rdes et al. 2013).
relatively high reactivity (Ga
Evidence of photoreactive Fe-binding ligands was
observed in the short-term Fe uptake rate measurements,

where photoreduction seemed to have resulted in more of
the bioavailable Fe0 species in the UV than the noUV treatment (Fig. 4; Table 2). The photoreactivity of the initial
ligand pool was evident in the UVfiltered treatment, where
binding capacity (a0 FeL ) decreased 10-fold and [Fe0 ]
increased sevenfold in the first 53 h (Table S3). Moreover, in
the noUVfiltered and Darkfiltered treatments, stronger L1-type
Fe-binding organic ligands were detected throughout the
incubation (Table S3). In contrast—excluding the 84 h sample that was impacted by the colloidal Fe pulse, which may
cond
have led to an overestimation of L1 (or rather of the KFeL;Fe
0
of Li) if colloidal Fe did not exchange with the added competing ligand (Gledhill and Buck 2012), see “Background
effects of Cubitainers” section and “Fe- and Cu-binding
ligand production” section below—only weaker L2-type
ligands with declining stability constants were observed in the
UVfiltered treatment over the 53 h of the incubation.
cond
The decreases in KFeL;Fe
0 observed in the UVfiltered treatment were similar to those resulting from the photodegradation of chatecholate-type and mixed catecholate/a-hydroxy
carboxylate-type siderophores from culture extracts (Barbeau
et al. 2003). Depth profiles of Fe-binding ligands measured
in a recent study in the CCS also reported higher concentrations of L1 and L2 ligands below the euphotic zone of several
stations (Bundy et al. 2016). Thus, our observations may suggest that a portion of the dissolved ligand pool in the
recently upwelled waters used for this experiment contained
photoreactive siderophores that enhanced Fe0 at the onset of
the incubation. Even after only 6 h, the weaker Fe complexation in the UVfiltered treatment resulted in [Fe0 ] more than triple those determined in the noUVfiltered and Darkfiltered
treatment samples ([Fe0 ] of 10212.34 M, compared to 10212.88
M and 10212.97 M, respectively; Table S3), and lend support
to the observations of higher short-term Fe uptake in the
unfiltered version of this treatment.
The observations of Cu-binding ligands in the filtered
light treatments showed no evidence for photochemical
cycling. A single class of Cu-binding ligands was measured,
and the concentrations of these ligands were mostly invariant over the course of the experiment in both UVfiltered and
noUVfiltered (Fig. 7D–F). Although a slight decline in the conditional stability constants was observed in the last three
samples of the UVfiltered treatment, it is not a significant
departure from values observed in the noUVfiltered samples.
Overall, the combined observations from the UVfiltered and
noUVfiltered treatments for Fe- and Cu-binding ligands present a complex organic ligand pool in which size, functional
group, and binding strength likely play a role in reactivity
and metal cycling.
Background effects of Cubitainers
It is particularly challenging in trace metal incubation
experiments to distinguish between biological metal cycling,
abiotic scavenging, and interactions with the containers. In
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Table 2. Short-term Fe (pmol Fe lg Chl a21 h21) and C (lmol C lg Chl a21 h21) uptake rates, as well as calculated Fe:C assimilation ratios measured in the first 7 h of the experiment for each of the light treatments. Values represent the average 6 standard deviation of three replicate measurements for each size fraction and light treatment.
Fe uptake (pmol Fe lg Chl a21 h21)

C uptake (lmol C lg Chl a21 h21)

Size fraction

0.2–1 lm

1–5 lm

> 5 lm

0.2–1 lm

1–5 lm

> 5 lm

UV
noUV

12.1 6 1.4*
6.7 6 2.6

10 6 0.6*
4.9 6 2.1

11 6 0.6*
4.8 6 2.1

0.14 6 0.05
0.17 6 0.02

0.46 6 0.05
0.51 6 0.02

0.48 6 0.13
0.66 6 0.11

Dark

3.6 6 0.6

1.7 6 0.2

2.1 6 0.2

0.06 6 0.01

0.03 6 0.01

0.03 6 0.01

Fe : C (lmol Fe mol C21)

[Fe0 ] (pM)

Source

UV

86 6 1.4

22 6 0.6

23 6 0.6

0.07

This study ([Fe0 ] from t 5 0 h)

noUV

39 6 2.6

9.6 6 2.2

7.3 6 2.1

0.07

This study ([Fe0 ] from t 5 0 h)

Laboratory cultures‡
T. weissflogii (Fe replete)

—

—

40 6 0.02

40,000

Maldonado and Price (1996)

T. pseudonana (Fe replete)

—

—

56 6 0.1

40,000

Maldonado and Price (1996)

P. cf. calliantha (Fe replete)
T. pseudonana (Fe limited)

—
—

—
—

1000†
20

Marchetti et al. (2006)
Maldonado and Price (1996)

T. pseudonana (Fe limited)

—

—

12.5

24

Sunda and Huntsman (1995b)

T. weissflogii (Fe limited)
T. weissflogii (Fe limited)

—
—

—
—

13.1
9.73 6 0.03

28
20

Sunda and Huntsman (1995b)
Maldonado and Price (1996)

P. cf. calliantha (Fe limited)

—

—

10.5 6 0.6

4†

Marchetti et al. (2006)

P. cf. calliantha (Fe limited)

—

—

5.2 6 0.2

2†

Marchetti et al. (2006)

221.5 6 26.5
14 6 0.1

* Points that are statistically significant (ANOVA, p < 0.05) between UV and noUV measurements. Below, Fe : C uptake rates are calculated for each
size fraction and compared to literature values observed in culture along with the [Fe0 ] of each study.
†
Values from Marchetti et al. (2006) were originally reported as Fe31 and converted to Fe0 here using the inorganic side reaction coefficient of 1010
(Hudson et al. 1992).
‡
Full names of species: Thalassiosira weissflogii, Thalassiosira psuedonana, Pseudo-nitzschia cf. calliantha

this experiment, filtered controls for each light treatment
were used to aid in this distinction. The observed decline in
dissolved Fe, Sc, and perhaps phosphate in filtered and Dark
treatments, where particle scavenging and biological uptake
should be absent, suggests that these elements were likely
adsorbed to the walls of the container over time. Wall loss
for dFe measurements has been reported in previous field
(Buck et al. 2010; Fitzsimmons and Boyle 2012; King et al.
2012; Bundy et al. 2016) and laboratory experiments (Fischer
et al. 2007), and this bottle adsorption has been shown to
vary as a function of surface area : volume ratio of the bottle,
bottle material, and temperature (Fischer et al. 2007; Fitzsimmons and Boyle 2012). Given the evidence for the chemical
similarities between Fe and Sc (Rogers et al. 1980; Byrne
2002; Parker et al. 2016), it is not surprising that Sc followed
similar trends as Fe in the containers. Most wall loss in the
filtered treatments for Sc and soluble Fe took place within
the first 6 h, while the colloidal Fe fraction declined slowly
through the 29 h and 53 h time points in filtered treatments
(Fig. 5). The rapid rate of wall loss of both dFe and dSc
within the first 6 h of the experiment suggests that initial
conditions of the incubation during the 3.5 h filling of the
Cubitainers may not have been homogenous even though
Cubitainers were filled from a mixed barrel. Thus, wall loss

during initial Cubitainer filling may have contributed to
higher intra-treatment variability in the experiment.
The most dramatic change in dFe and dSc concentrations
occurred between the final two sampling points, with the
final concentrations of dFe and dSc greater than or equal to
the initial concentrations in all treatments, even in unfiltered treatments where biological uptake was occurring
(Fig. 5). This was also observed for dPb in the Dark, UVfiltered,
and noUVfiltered treatments, but to a lesser magnitude than Fe
or Sc (Fig. 5M–O). The observation of higher final concentrations than initial concentrations in most of the filtered treatments suggests that the source of both Fe and Sc between the
last two time points was contamination from the Cubitainers
themselves. This feature was not observed in the soluble Fe
data, indicating that the Fe leaching from the containers was
mostly colloidal Fe, or a soluble Fe input that quickly became
colloidal (Hurst and Bruland 2007). This colloidal Fe did
appear to be largely inorganic in nature, however, given that it
generally titrated the excess Fe-binding ligands in the UVfiltered,
noUVfiltered, and both Dark treatments (Fig. 7A–C), although
the probable interpretation artifact of an inert colloidal Fe fraction as L1 led to an increase in a0 FeL (Table S3; Gledhill and
Buck 2012). Previous work has shown that wall loss is an exothermic reaction (Fitzsimmons and Boyle 2012), and increases
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increases in Fe and Sc were observed between the 53 h and
84 h time points (Fig. 5).
In a previous experiment using a similar type of incubation container, Lohan et al. (2005) did not report any wall
loss or contamination of dFe and dZn concentrations. An
important distinction was that Lohan et al. (2005) employed
a prolonged conditioning step for their Cubitainers, whereby
each Cubitainer was filled with open-ocean seawater and left
to condition for 2 d prior to the start of their incubation.
This study did not employ a long conditioning step, though
the Cubitainers were rinsed at least two times with filtered
seawater immediately prior to filling with incubation water.
Thus, it is possible that the rinses used in this experiment
were not adequate to condition the walls of the containers,
and a longer conditioning period may have mitigated some
of the container-based effects observed.

Fig. 10. The correlations of Fe uptake (pmol Fe lg Chl a21 h21), Chl a

concentrations (lg L21), excess Fe L1 ligands (nM), and total excess Fe
ligands (nM). The top two panels display plots of (A) excess L1 ligands
and Fe uptake and (B) total excess Fe ligands for each size fraction a
light treatment: > 5 lm UV (black circle), 1–5 lm UV (black square), > 5
lm noUV (gray circle), and 1–5 lm noUV (gray square). The middle two
panels plot (C) excess Fe L1 and (D) total excess Fe ligands against vs.
Chl a concentrations corresponding to each size fractions mentioned
above. The bottom two panels display (E) excess Fe L1 and (F) total
excess Fe ligands plotted against total Chl a for the UV (black triangles)
and noUV (gray triangles) treatments. Error bars represent the standard
deviation of each measurement.

in temperature during the incubation may have contributed
to the release of Fe and Sc from the Cubitainer, though the
temperature increase was confined to the first 53 h of the
experiment (Supporting Information Fig. S3) and the largest

Biological uptake vs. abiotic scavenging of trace metals
In this study, unfiltered treatments were used to assess
the influence of ambient particles on the cycling of trace
metals during the experiment as compared to filtered controls. For Cd, the dissolved and soluble Cd concentrations
were relatively constant through the experiment in all filtered treatments. Only in the unfiltered light treatments (UV
and noUV) did the Cd concentrations decrease appreciably
(Fig. 6A,B), indicating biological uptake of Cd and especially
soluble Cd. The change in Cd : P (0.36–0.47 mmol mol21;
Table 3) was similar to that observed in a previous incubation experiment with comparable initial dFe concentrations
(0.41–0.44 mmol mol21, Cullen et al. 2003). Our Cd : P
ratios were also very close to P-normalized stoichiometry
from the vertical profile data at Sta. 28, which reflected a
Cd : P ratio of 0.3 mmol mol21 in the upper 200 m of the
water column (Supporting Information Fig. S4; Table 3).
Using a Redfield ratio of 106 : 1 C : P for the duration of the
incubation results in Cd uptake rates of 0.97–1.27 lmol Cd
mol C21 d21, consistent with rates observed in cultures using
natural waters from the North Pacific (Xu et al. 2012). This
uptake of Cd in the incubation could be from nonspecific
uptake through a high affinity Zn uptake system upregulated under low Zn conditions (Sunda and Huntsman
1998), as suggested previously in the central CCS (Biller and
Bruland 2013), though we do not have Zn data from our
incubation experiment. Additionally, at least two species of
Thalassiosira, a major genus in our incubation, have been
observed to show a nutrient-like response to Cd additions
under low Zn conditions (Price and Morel 1990; Lee and
Morel 1995).
Distinct from Cd, declines in Ni and Mn concentrations
during this incubation were observed in all unfiltered treatments, including in the Dark (Fig. 5D–I). Elevated initial
concentrations of Mn reflected the close proximity of the
incubation setup to the continental shelf break (Biller and
Bruland 2013). Using Mn : P ratios for diatom species of
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* Values that were calculated using the 53 h measurements due to contamination observed in the 84 h samples.
†
Sta. 28 P normalized metal stoichiometries from surface (15 m) to depth (200 m) measurements.
‡
Data from Twining and Banes was selected from studies that reported values from diatoms specifically.
§
Data from Cullen et al. (2003) was selected for Fe concentrations closest to those observed in the starting conditions for this study (0.5 nM and 1 nM).
k
Compiled data from Twining and Baines (2013) and references therein for P normalized stoichiometries in the upper water column (> 800 m).

0.41 6 0.08

0.54–0.6
—

—
0.50 6 0.3

—
—

—
0.038 6 0.002
—

0.09–0.1
—

North Pacifick

1.0 6 0.1

0.41–0.44

0.40 6 0.11

Baines (2013)‡
Cullen et al. (2005)§

0.66–0.70

0.18–1.44
—
5.2
—
0.15
0.21–0.68
0.07–1.29
Twining and

0.33–1.7

0.12 6 0.31
20.06

20.24 6 0.69
0.002 6 0.0003*

0.002 6 0.0011*
0.003
0.19 6 0.27*
2.2

0.70 6 0.42*
0.023 6 0.015

0.013 6 0.002
0.021
0.062 6 0.023
20.002

0.021 6 0.013
2.39 6 0.9

2.41 6 0.74
21.05

1.84 6 1.26

1.72 6 1.05
0.83

0.36 6 0.08

0.47 6 0.17
0.30

UV

noUV
Sta. 28†

Pb
Co
Cd

Ni

Mn

Metal to P ratio (mmol mol21)

Fe

Sc

Cu

Trace metal cycling in the California Current

Treatment/
source

Table 3. The P normalized values for metals observed in this incubation study, at Sta. 28 near where the water was collected, and the values reported in previous studies for diatoms and profiles in the North Pacific. The values for this incubation were calculated from the drawdown of P and each metal observed
over the 84 h incubation period.
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0.33–1.7 mmol mol21 from Twining and Baines (2013) and a
phosphate decrease in the UV and noUV treatments would
predict a drawdown of 0.3–1.4 nM Mn. However, the
observed decline in Mn ranged from 1.6 nM to 2.4 nM, with
the largest decrease observed in the Dark. Thus, while biological uptake from diatoms was likely taking place, it cannot
account for the magnitude of dMn removal observed (Fig.
5G–I). The decline in Mn across all unfiltered treatments,
with greater declines in the Dark, is consistent with biotic
precipitation of manganese oxides by bacteria in the experiment, which is enhanced in the dark (Lee and Fisher 1993;
Francis et al. 2001; Tebo et al. 2005). Using Mn particle formation rates from Lee and Fisher (1993) under similar conditions to this incubation (1 nM Mn, 188C) of 0.31 nM d21,
combined with the diatom Mn : P assimilation ratios above,
results in a predicted decline of 1.4–2.5 nM Mn, which
would account for the observed Mn decline in both the UV
and noUV. Yet the rate of Mn decline observed in the Dark
treatment was much faster (0.70 nM d21) than predicted by
Lee and Fisher (1993), perhaps reflecting the higher initial
Mn (3.72 nM) at the onset of our experiment.
Like Mn, Ni also decreased in all unfiltered but not filtered treatments (Fig. 5D–F). Using Ni : P ratios of 0.21–0.68
mmol mol21 from Twining and Baines (2013) and the
observed phosphate decline in our experiment, expected biological drawdown of Ni was 0.17–0.54 nM. The observed
decrease in Ni was more than double that expected from biological uptake in the UV and noUV, ranging from 1.05 nM
to 1.46 nM, and was also observed in the Dark, suggesting
scavenging of Ni. This is a surprising finding for Ni, which is
typically characterized by a nutrient-type profile in the
North Pacific (Bruland 1980). The decline in the Dark could
perhaps be from preferential scavenging of Ni on biogenic
manganese oxides, which has been observed in freshwater
systems (Kay et al. 2001). Alternatively, if the Mn(II) oxidation pathway is a result from extracellular production of
superoxide (Learman et al. 2011), then the widespread use of
Ni superoxide dismutase in bacteria (Dupont et al. 2008;
Zhang and Gladyshev 2010) may have led to the observed
decline in Ni as a response to increasing superoxide concentrations during Mn oxidation.
Cobalt, which has been shown to co-precipitate with
manganese oxides (Lee and Fisher 1993; Moffett and Ho
1996), tracked with Mn and Ni in the UV and noUV treatments, but not through the final time point in the Dark,
though only one replicate was available from each time
point of this treatment (Fig. 5J–L). Using the data from just
the first 53 h of the Dark results in a Co particle formation
rate of 18.4 pM d21, threefold greater than the rates
observed by Lee and Fisher (1993). Alternatively, if the 53 h
time point is excluded, a lack of co-variance in Co and Mn
in the Dark treatment may indicate that dCo was stabilized
by organic complexation (Saito and Moffett 2001; Saito et al.
2005). In this case, declines in Co in the UV and noUV
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could be interpreted primarily as biological uptake of Co.
The decline of Co results in Co : P ratios of 0.021–0.062
mmol mol21, lower than those reported by Cullen et al.
(2003) (0.09–0.1 mmol mol21; Table 3). The Co : P ratios are
about a order of magnitude lower than those observed in the
Peru upwelling region (0.248 mmol mol21; Saito et al. 2004),
but are consistent with profile data from the North Pacific
(0.038 mmol mol21; Table 3), perhaps indicating phytoplankton in this region have lower Co quotas than those
studied in the Southern Ocean or Peruvian regimes. Cyanobacteria like Synechococcus spp. have an obligate Co requirement, but some diatom species such as Thalassiosira spp.,
which was a dominant group in our experiment, can use Co,
Cd, and Zn interchangeably for their CA (Sunda and Huntsman 1995a; Cullen and Sherrell 2005).
Dissolved Pb concentrations declined in the UV and
noUV, but not in the Dark or in any of the filtered controls,
suggesting a phytoplankton cell-associated mechanism of
dPb removal. Unlike Co, Pb has no biological function for
phytoplankton. Lead scavenging on cells has been shown to
be a function of surface area : volume ratios (Fisher et al.
1987). Thus, although the majority of Chl a was composed
of the large cells, which have low surface area : volume
ratios, it is possible that an increase in total cell surface area
during phytoplankton growth in the UV and noUV contributed to Pb scavenging (Fisher et al. 1987). It is also possible
that some Pb was passively transported into cells (Michaels
and Flegal 1990).
Of the trace metals measured in this experiment, dissolved Cu appeared the most inert, with no discernible trend
in concentrations across treatments over the course of the
incubation (Fig. 5V–X). Using Cu : P values appropriate for
the Fe concentrations at the onset of the incubation (0.54–
0.60 mmol mol21; Cullen et al. 2003), the expected Cu
drawdown ranges between 0.43 nM and 0.48 nM. Intratreatment variability in our experiment often exceeded this
range, making it challenging to discern a clear trend
between treatments (Fig. 5). Biological Cu demand is associated with its role in high affinity Fe uptake systems in diatoms (Peers et al. 2005; Maldonado et al. 2006), though a Cu
independent pathway for Fe acquisition in marine phytoplankton also exists (Morrissey et al. 2015). The lack of
apparent decrease in Cu in our experiment may reflect rapid
cycling of Cu via uptake and efflux as has been hypothesized
for observations in the North Pacific (Semeniuk et al. 2016),
or the inability of some diatoms to access the exceedingly
low Cu21 concentrations in this experiment (Sunda and
Huntsman 1995c). Indeed, despite the mosaic of phytoplankton Fe limitation occurring in the coastal North Pacific, dissolved Cu profiles here exhibit minimal changes with depth
(Supporting Information Fig. S4; Biller and Bruland
2013).The absence of dCu drawdown in our incubation is
also consistent with observations from previous shipboard
incubation experiments (Coale 1991; Hurst and Bruland

2007; Buck et al. 2010) and field distribution studies across
biological gradients (Buck and Bruland 2005; Jacquot and
Moffett 2015).
Dissolved Fe, on the other hand, was among the most
dynamic metals measured in the experiment. In the Dark
and Darkfiltered treatments Fe decline was similar, ranging
from 0.57 nM to 0.67 nM over the first 29 h, indicating substantial wall loss of Fe in the Cubitainers (Fig. 6). Although
Fe concentrations were clearly affected by abiotic factors (see
“Background effects of Cubitainers” section above), biological activity was very likely a primary control in UV and
noUV. The Fe : P ratios observed in this incubation (0.19–
0.70 mmol mol21) are far lower than those reported for suspended particles in Monterey Bay (5.2 mmol mol21; Martin
and Knauer 1973) and those observed at Sta. 28 (2.2 mmol
mol21; Table 3). They fall much closer to those observed in
the North Pacific open ocean (0.50 mmol mol21; Table 3),
although it is difficult to determine the proportions of dFe
decline that can be attributed to uptake given the container
effects on bulk Fe concentrations measured in this study.
Using the short-term Fe and C uptake rates from this experiment resulted in a calculated Fe : C uptake ratio of 22–23
lmol mol21 for phytoplankton > 1 lm in the UV treatment
vs. 7.3–9.2 lmol mol21 in the noUV (Table 2). The values
calculated for the noUV are consistent with those measured
for Fe-limited cultured diatoms (Sunda and Huntsman
1995b; Maldonado and Price 1996; Marchetti et al. 2006). In
contrast, the values calculated for the UV fall between the
range for Fe limited and Fe sufficient cultures (Table 2), indicating higher Fe bioavailability in the presence of UV light
in this experiment. The Fe : C uptake ratios observed in the
light treatment are also consistent with the Fe : C ratios
derived from the depth profile at Sta. 28 of 22 lmol mol21
assuming a Redfield ratio for C : P of 106 : 1. Our results suggest that UV light enhances Fe bioavailability and may
explain enhanced Fe : C uptake in freshly upwelled waters,
as previously suggested in the CCS (Biller and Bruland 2013).
Sc remains an understudied element in the ocean compared to the other metals presented here, and as far as we
know this was the first attempt to track the cycling of Sc in
field incubations. The existing evidence shows fundamental
similarities in chemical speciation and behavior between Sc
and Fe: Byrne (2002) showed similarities in inorganic speciation of the two metals, Rogers et al. (1980) reported evidence
for Sc substitution in bacterial siderophores, and Parker et al.
(2016) showed similar distributions and reactivity across
ocean basins. The depth profile from Sta. 28 also showed
very similar distributions of dFe and dSc (Supporting Information Fig. S4). In this incubation, the observed decline in
dSc in the Darkfiltered treatment was proportional to the
decline in Fe, with ! 50–60% presumably lost to the walls of
the container (Fig. 5P). Wall loss of Sc occurred predominantly in the first 6 h, similar to soluble Fe measurements in
filtered treatments. However, observations also showed a
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pulse of Sc in the final sample similar to the observations of
total dissolved Fe, which was an entirely colloidal Fe
response. It was not possible to tell if biological uptake
played significant a role in the cycling of Sc, as wall loss
alone could explain the changes observed and, as with Fe,
Cubitainer effects may have masked any biological signal in
the dSc measurements.
Fe- and Cu-binding ligand production
Despite the variability in dFe concentrations, Fe-binding
ligand concentrations showed a clear response to phytoplankton growth, with increasing excess Fe-binding ligands
associated with increasing Chl a in both light treatments
(Figs. 7B,C, 10C,D). This increase in excess ligands in the
light treatments may have been underestimated due to the
addition of colloidal Fe between the last two time points
that appeared to titrate excess ligands in the filtered light
and both Dark treatments (Fig. 7). The addition of colloidal
Fe from the Cubitainers at the end of the experiment may
cond
have led to overestimation of total [L] and KFeL;Fe
0 values in
the 84 h time point if some of the Fe added from the Cubitainers was not exchangeable with the competitive ligand
used in the CLE-AdCSV measurements (Gledhill and Buck
2012), though it is not apparent that this was the case based
at least on the filtered and Dark controls (Fig. 7). Unlike
total ligand concentrations, which can be biased by a kinetically inert colloidal Fe fraction, excess ligands represent the
ligands actually titrated in the CLE-AdCSV measurements
and are a more robust speciation result (Gledhill and Buck
2012). Thus, the increase in excess ligands observed in the
UV and noUV treatments remains best described as ligand
production associated with phytoplankton growth in our
experiment.
This feature of increasing excess Fe-binding ligand concentrations concomitant with diatom growth under high
nitrate : dFe (> 7 lmol : nmol; King et al. 2012) ratios has now
been observed in several incubation experiments (Buck et al.
2010; King et al. 2012; Bundy et al. 2016; this study). Initial
nitrate : dFe in this study was ! 19 lmol : nmol, and at the
onset of Fe-binding ligand production, this ratio had
increased to ! 200 lmol : nmol. The nitrate : dFe in this study
was higher than those observed in Buck et al. (2010) and King
et al. (2012), and ligand production in this study was also of
greater magnitude in the UV treatment than in those previous
studies. It is most commonly believed that Fe ligand production is a response to Fe limited conditions (Maldonado et al.
2001; Sijerčić and Price 2015). While this study did not
employ Fe amendments, another incubation using water collected near Sta. 28 showed a strong biological response to Fe
additions, indicating Fe limitation of this phytoplankton
community (Fitzsimmons and Chappell, unpublished data).
Additionally, previous field studies have shown that
nitrate : dFe values > 5 lmol : nmol (or dFe : nitrate < 0.2
nmol : lmol) describe Fe limitation conditions in the CCS

(Elrod et al. 2008; King and Barbeau 2011; Biller et al. 2013;
Biller and Bruland 2014).
In two previous studies, ligand production was confined
to the stronger ligand class (Buck et al. 2010; King et al.
2012). Here, on the other hand, Fe-binding ligand production was observed in both stronger and weaker ligand classes
(Table S3). These observations are similar to those recently
reported by Bundy et al. (2016) in the southern CCS, where
initial nitrate : dFe levels were similar (! 20 lmol : nmol).
Using multiple analytical windows in their CLE-AdCSV
measurements, which allow resolution of multiple L classes,
Bundy et al. (2016) observed increases in L1, L2, and L3
ligand classes in both their 1Fe and 10 treatments in a 6-d
field incubation. Their study, along with the observations
presented here, suggest a more complex response to the Feligand pool from diatom community growth than that of
previous studies.
This study also observed a small increase in Cu-binding
ligand concentrations concomitantly with increasing Feligand concentrations in the UV and noUV (Fig. 7E,F). Previous studies by Coale (1991) and Buck et al. (2010) also examined dCu speciation during biological production in their
incubation experiments, though the different analytical windows employed for Cu speciation measurements preclude
direct comparison across studies (Bruland et al. 2000). The
analytical window of this study was chosen to be consistent
with the approach used for the recent GEOTRACES Atlantic
transect (Jacquot and Moffett 2015), and the values observed
here are consistent with their observations in the surface
ocean (10213–10214 M [Cu21]). Similar to previous incubations (Coale 1991; Buck et al. 2010), no significant change or
trend was observed in [Cu21] or a0 CuL through this experiment
(Table S4). Cu21 concentrations (! 10214.2–10213.3 M) were
also below the toxicity threshold observed for phytoplankton
(10211 M, Brand et al. 1986), a known trigger for Cu-ligand
production in previous studies (Moffett and Brand 1996).
With Pseudo-nitzschia spp. comprising the majority of the
planktonic community by the end of the experiment (Fig.
9), it is possible that the increase in Cu-binding ligands may
reflect production of domoic acid (DA), a toxin produced by
Pseudo-nitzschia spp. that forms complexes with both Fe (log
cond
cond
KFeDA;Fe
5 9.0 6 0.2) (Rue
0 5 8.7 6 0.5) and Cu (log K
CuDA;Cu21
and Bruland 2001). While we did not measure DA in our
experiment, DA concentrations approaching 4000 pg mL21
(! 13 nM) were measured in incubation experiments conducted on the same cruise (Cohen et al. 2017). Due to the
cond
cond
relatively weak KCuDA;Cu
21 and KFeDA;Fe0 of DA, concentrations
2–3 orders of magnitude higher would be required to see sufficient changes Cu ligands in the analytical window used in
this study.
Concomitant increases in weaker Fe-binding ligands (log
cond
cond
KFeL;Fe
5 13.3–14.6)
0 5 11.9–10:1Þ and Cu-binding (log K
CuL;Cu21
ligands may alternatively reflect humic-like substances or exopolymeric substances (EPS), both of which have also been
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shown to bind Fe and Cu in seawater (Laglera and Van Den
Berg 2009; Norman et al. 2015; Whitby and Van Den Berg
2015). The conditional stability constants measured for terrescond
trially derived humic substances (log KFeHS;Fe
0 5 10:6211:1, log
cond
KCuHS;Cu
5
12.0;
Laglera
and
Van
Den
Berg 2009) and EPS
21
cond
(log KFeL;Fe
0 5 10.4211.9; Hassler et al. 2011; Hassler et al.
2015; Norman et al. 2015) allow either to be reasonable candidates for the measured Fe and Cu weaker ligands. While the
conditional stability constants for EPS as a Cu binding ligand
in CLE-AdCSV remain uncharacterized, the production of EPS
with bacteria and algal growth (Hassler et al. 2011; Norman
et al. 2015) would suggest that EPS are the best candidate for
the increases in Cu ligands and weaker Fe binding ligands
observed.

Summary and conclusions
This 3-day incubation experiment was performed using
water collected from the CCS to elucidate the interplay
between light, phytoplankton growth, and trace metal
chemistry under conditions consistent with Fe limitation of
diatom communities. This study employed measurements of
short- and long-term Fe uptake, total dissolved metals with
colloidal fractions for Fe and Cd, Fe and Cu speciation, and
phytoplankton community structure in an attempt to better
understand the biogeochemical forces driving trace metal
cycling in this seasonal upwelling environment.
The influence of UV light significantly increased the
short-term Fe uptake rates of all size-classes of phytoplankton measured. This suggests that UV light increased the bioavailability of Fe, likely from reduction of dFe from
photolabile organic complexes present at the onset of experiment. Filtered light treatments supported this interpretation
of photochemical reactivity of a portion of the initial ligand
pool with decreased organic complexation capacity and
increased [Fe0 ] observed in the first 53 h of the experiment.
Long-term uptake rates declined concomitantly with
increases in Chl a and excess ligand concentrations.
Increases in Fe- and Cu-binding ligands were observed in UV
and noUV treatments, but were not confined to only the
stronger ligand class as observed in previous experiments.
The production of weaker Fe-binding ligands in addition to
Cu-binding ligands could suggest overlap between the two
metals and the organic ligand pool, most likely from EPS
produced during diatom growth.
The cycling of Cd in this incubation was predominantly
influenced by its use as a nutrient, showing significant drawdown only in the presence of light and phytoplankton.
Cobalt and Pb also showed significant decreases only in the
unfiltered light treatments, though to a much lesser extent
than Cd, and may have resulted from Co uptake by phytoplankton and scavenging of Pb to cell surfaces. Manganese
and Ni, on the other hand, exhibited similar declines across
UV, noUV, and Dark treatments that were most consistent

with Mn precipitation by Mn-oxidizing bacteria and concomitant bacterial uptake or scavenging of Ni. Copper displayed no strong trends in any of the treatments used in this
incubation, showing no evidence for biological uptake. The
relative contributions of uptake and scavenging to Fe and Sc
cycling in the experiment was difficult to determine due to a
combination of wall loss at the onset of the experiment and
contamination of both metals from the Cubitainers in the
final time point. Incorporation of an ambient seawater equilibrium step on the order of 24–48 h prior to incubations
along with the use of filtered controls to mitigate and identify
these container effects is recommended for future studies.
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Appendix B: Supplementary Information for Chapter I
Contents of this Appendix
Figures B1–B4
Tables B1–B5

Introduction
Four figures are provided that show the transmittance of material used for the
incubation (Figure B1), an intercomparison between the two dissolved metal analysis used in this
study (Figure B2), observations of light flux and water temperature in the incubators over the
course of the experiment (Figure B3), and station 28 profile data for the eight metals followed in
the incubation (Figure B4). Data tables present the nutrient and chlorophyll a results (Table B1),
the dissolved, soluble, and colloidal metal concentrations (Table B2), iron speciation data (Table
B3), copper speciation data (Table B4), and long-term Fe uptake rates (Table B5) from the
experiment.

120

Figure B1. The % transmittance of visible and UVA light through the two materials used in the
incubation. The black line shows the transmittance of the Cubitainers used for all samples and the
gray line the Plexiglas used to create the “noUV” treatment.

121

Figure B2: Intercomparison of the two dissolved metal analytical methods used in this study.
Seawater samples were taken at Station 9 of the IRN-BRU cruise (39.3834°N, 124.66745°W) and
filtered through 0.2 µm Acropak-200 capsule filters. The “Offline Std Curve” method is the
modified method of Parker et al. (2016) that was used to make all 0.2 µm dissolved metal analyses
in this study. The “SeaFAST ID” method is the modified isotope dilution method of Lagerström
et al. (2013) using the SeaFAST pico and the same NoBias PA-1 chelate resin as Parker. The
“SeaFAST ID” method was used to make all 0.02 µm soluble metal analyses in this study. These
two methods produce metal concentrations that are identical within error and generated
independently at the two institutions.
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Figure B3. Incubator water temperature (°C, black line) and light flux measurements (μEm-2s-1,
light gray line) recorded from a HOBO data logger during the experiment. The data logger was
removed a few hours prior to the end of the experiment, but the ships data confirm no significant
changes in sea surface temperature were observed in the last hours on station at the Santa Barbra
Basin. Vertical gray lines indicate the sampling time points throughout the study.

123

Figure B4. Station 28 profiles of the eight dissolved (“d”) metals tracked in this study, macronutrient
concentrations, and temperature and salinity in the location closest to where water was collected for
the incubation. In the upper 300 m of the water column is shown the concentrations of (A) dCd, (B)
dPb, (C) dSc, (D) dMn, (E) dFe, (F) dCo, (G) dNi, (H) dCu, (I) PO43- (black squares), H4SiO4 (black
circles, solid), and NO3- (black circles, dashed), (J) temperature (black circles, solid) and salinity
(black circles, dashed).
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Table B1. Macronutrient (nitrate + nitrite, phosphate, silicic acid; µM) concentrations, size fractionated chlorophyll a (>5 µm,
1-5 µm, and 0.2-1 µm; µg L-1), and total chlorophyll a concentrations (µg L-1). ‘nda’ indicates ‘no data available’, no samples
were collected. ‘qc’ indicates a quality control issue with measurements, data not shown.
Treatment
UV
a
UV
b
UV
c
UVfiltered
noUV
a
noUV
b
noUV
c
noUVfiltered
Dark
Darkfiltered

Time
(h)
0
29
53

Nitrate + Nitrite
(μM)
16.95
15.56
nda

Silicic Acid
(μM)
17.8
16.87
nda

Phosphate
(μM)
1.52
1.20
nda

Chl a >5 μm
(μg L-1)
0.36
0.42
2.01

Chl a 1-5 μm
(μg L-1)
0.54
0.28
0.11

Chl a 0.2-1
μm (μg L-1)
0.28
nda
nda

Total Chl a
(μg L-1)
1.18
0.70
2.12

84
29
53
84
29
53
84
84
29
53
84
29
53
84
29
53
84
84
84
84

7.88
15.40
qc
11.60
nda
11.29
8.68
16.56
15.56
qc
8.26
15.40
11.23
qc
15.20
10.30
6.62
17.22
16.85
16.8

12.29
17.20
16.10
13.32
nda
16.09
13.38
17.55
16.87
16.18
13.98
17.20
16.50
13.11
17.40
16.20
11.68
17.66
18.17
17.67

0.69
1.22
1.09
0.76
nda
1.06
0.76
1.4
1.20
1.03
0.82
1.22
1.05
0.67
1.22
0.95
0.62
1.43
1.33
1.36

2.76
0.47
2.48
2.56
0.35
2.06
2.15
nda
0.66
2.01
2.15
0.57
2.21
2.44
0.51
nda
3.51
nda
0.52
nda

0.82
nda
1.29
nda
0.40
nda
1.33
nda
0.45
1.43
0.51
0.39
1.10
0.60
0.27
1.02
nda
nda
0.16
nda

0.05
nda
0.12
0.10
0.04
0.07
0.06
nda
0.02
0.15
0.08
0.01
0.05
0.07
nda
0.14
0.75
nda
0.02
nda

3.63
0.47
3.89
2.56
0.79
2.13
3.54
nda
1.13
3.59
2.74
0.97
3.36
3.11
0.78
1.16
4.26
nda
0.70
nda
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Table B2. Dissolved (“d”) and soluble (“s”) metal concentrations measured over the incubation study. Both UV and noUV
treatments are presented as the average ± standard deviation of the three replicate samples for the treatment. Percent colloidal
(“c”) fractions represent (([dissolved M]-[soluble M])/ [dissolved M]) x 100. ‘nda’ indicates ‘no data available’, no samples were
collected. Standard deviations are indicated for replicates within a treatment/time point.

†UV

UV
filtered
†noUV

noUV
filtered

Dark

Dark
filtered

Time
(h)
0
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84

dCd
(pM)
570 ± 5.9
580 ± 15
558 ± 35
503 ± 58
311 ± 45
622 ± 6.5
548 ± 5.7
588 ± 1.8
541 ± 5.6
587 ± 8.2
521 ± 32
464 ± 18
252 ± 82
591 ± 7.9
564 ± 2.0
580 ± 6.0
565 ± 9.7
587 ± 6.1
553 ± 5.8
541 ± 11
593 ± 0.1
585 ± 6.1
590 ± 6.1
597 ± 3.6
605 ± 6.3

sCd,
(pM)
530 ± 8.4
604 ± 96
489 ± 7.8
392 ± 41
268 ± 52
634 ± 10
596 ± 9.5
618 ± 9.8
593 ± 9.4
536 ± 22
466 ± 45
362 ± 74
208 ± 85
604 ± 9.6
595 ± 9.5
578 ± 9.2
565 ± 9.0
561 ± 8.9
545 ± 8.7
535 ± 8.5
588 ± 9.3
nda
586 ± 9.3
nda
588 ± 9.3

cCd
(%)
7
-4*
12
22
14
-2*
-9*
-5*
-10*
9
10
22
17
-2*
-5*
0
0
4
1
1
1
nda
1
nda
3

dFe
(nM)
0.90 ± 0.11
0.72 ± 0.08
0.26 ± 0.19
0.39 ± 0.31
1.12 ± 0.30
0.76 ± 0.09
0.21 ± 0.02
0.25 ± 0.00
2.96 ± 0.35
0.64 ± 0.07
0.63 ± 0.42
0.69 ± 0.10
0.78 ± 0.34
0.77 ± 0.16
0.19 ± 0.03
0.29 ± 0.03
1.52 ± 0.03
0.75 ± 0.09
0.52 ± 0.06
0.23 ± 0.02
2.04 ± 0.00
0.72 ± 0.08
0.48 ± 0.06
0.33 ± 0.05
0.91 ± 0.11

sFe
(nM )
0.34 ± 0.02
0.18 ± 0.01
0.3 ± 0.15
0.18 ± 0.04
0.19 ± 0.01
0.15 ± 0.01
0.09 ± 0.01
0.16 ± 0.01
0.15 ± 0.01
0.23 ± 0.04
0.34 ± 0.34
0.18 ± 0.03
0.16 ± 0.06
0.14 ± 0.01
0.65 ± 0.04
0.24 ± 0.01
0.18 ± 0.01
0.43 ± 0.02
0.13 ± 0.01
0.62 ± 0.03
0.29 ± 0.02
0.20 ± 0.01
0.65 ± 0.04
nda
0.04 ± 0.00

cFe
(%)
62
74
-14*
54
83
78
56
36
93
64
46
74
79
79
-243*
17
86
41
74
-167*
84
71
-33*
nda
93

dSc
(pM)
2.80 ± 0.28
1.5 ± 0.21
1.64 ± 0.65
1.4 ± 0.31
3.65 ± 1.51
1.58 ± 0.16
1.11 ± 0.11
1.21 ± 0.26
2.88 ± 0.29
1.68 ± 0.15
1.82 ± 0.97
1.77 ± 0.69
2.37 ± 1.37
1.94 ± 0.09
2.25 ± 0.40
1.44 ± 0.14
5.51 ± 0.24
1.43 ± 0.14
1.22 ± 0.12
1.18 ± 0.23
4.82 ± 0.38
1.20 ± 0.12
1.89 ± 0.19
2.33 ± 0.18
7.61 ± 0.76

dMn
(nM)
3.72 ± 0.37
3.39 ± 0.34
3.29 ± 0.6
3.84 ± 0.58
1.98 ± 0.62
4.46 ± 0.45
3.11 ± 0.31
3.76 ± 0.32
3.44 ± 0.34
3.84 ± 0.62
3.55 ± 0.28
3.33 ± 0.65
2.03 ± 0.49
3.21 ± 0.25
3.02 ± 0.34
3.68 ± 0.37
3.47 ± 0.59
4.16 ± 0.41
3.77 ± 0.38
3.28 ± 0.42
1.28 ± 0.29
4.10 ± 0.41
3.45 ± 0.34
4.23 ± 0.03
4.00 ± 0.40

dNi
(nM)
5.23 ± 0.29
5.25 ± 0.3
5.15 ± 0.62
6.01 ± 0.59
4.02 ± 0.91
6.33 ± 0.34
4.82 ± 0.26
5.96 ± 0.17
5.45 ± 0.29
5.70 ± 0.48
5.65 ± 0.20
5.60 ± 0.46
4.15 ± 0.73
5.21 ± 0.05
4.84 ± 0.47
5.73 ± 0.31
5.35 ± 0.29
5.89 ± 0.31
5.61 ± 0.30
5.97 ± 0.55
3.73 ± 0.24
5.81 ± 0.31
5.23 ± 0.28
6.13 ± 0.25
5.99 ± 0.32

dCo
(pM)
157 ± 3.9
168 ± 4.2
163 ± 6.0
163 ± 22
141 ± 10
176 ± 6.9
159 ± 6.3
151 ± 1.0
164 ± 6.5
176 ± 4.8
168 ± 4.7
162 ± 5.1
115 ± 11
168 ± 1.8
152 ± 8.2
173 ± 6.8
173 ± 6.3

dPb
(pM)
32.9 ± 0.3
32.7 ± 0.5
31.2 ± 3.0
31.3 ±2.7
24.9 ± 2.1
31.0 ± 0.4
28.8 ± 0.3
33.7 ± 0.0
35.8 ± 0.4
37.5 ± 2.7
31.0 ± 0.7
29.3 ± 3.1
23.6 ± 1.7
31.1 ± 1.2
31.1 ± 0.5
31.7 ± 0.4
34.8 ± 0.3

170 ± 6.7
161 ± 6.4
116 ± 0.9
160 ± 4.7
170 ± 6.7
158 ± 6.2
162 ± 6.3
180 ± 7.1

31.9 ± 0.4
30.4 ± 0.4
35.0 ± 0.2
43.3 ± 0.6
35.4 ± 0.4
32.2 ± 0.4
33.9 ±0.8
34.8 ± 0.4

dCu
(nM)
1.46 ± 0.003
1.42 ± 0.08
1.59 ± 0.04
1.68 ± 0.76
1.65 ± 0.52
1.46 ± 0.003
1.49 ± 0.003
1.29 ± 0.01
1.49 ± 0.003
1.77 ± 0.47
1.39 ± 0.14
1.96 ± 0.15
1.39 ± 0.2
1.48 ± 0.004
1.70 ± 0.05
1.53 ± 0.003
1.43 ± 0.02
1.25 ± 0.002
1.33 ± 0.002
1.03 ± 0.07
1.68 ± 0.05
1.98 ± 0.003
1.25 ± 0.002
1.40 ± 0.002
1.37 ± 0.002

* Colloidal percentages below 0%.
† The values represent the average and standard deviation of three treatment replicates.
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Table B3. Dissolved iron (dFe) and iron speciation results over the course of the incubation from all treatments. Ligand concentrations
and conditional stability constants are presented from each treatment and replicate separately with the included error given from the
ProMCC titration fitting results. Ligand classes were defined by conditional stability constants following the guidelines of Gledhill and
Buck (2012). Inorganic Fe (Fe¢) concentrations were calculated from the speciation results. ‘nda’ indicates ‘no data available’, no
samples were collected; ‘nd’ indicates ligand class was not detected in analyses.
UV
a
UV
b
UV
filtered
noUV
a

noUV
filtered
Dark

Dark
filtered

Time (h)
0
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84

[Fe] (nM)
0.9
0.75
0.07
0.27
1.25
0.63
0.27
0.74
1.34
0.76
0.21
0.25
2.96
0.71
0.17
0.76
1.13

[L1] (nM)
1.38 ± 0.07
1.30 ± 0.09
nda
nd
2.57 ± 0.21
1.41 ± 0.09
1.18 ± 0.08
3.64 ± 0.14
2.63 ± 0.17
nd
nd
nd
3.68 ± 0.17
1.72 ± 0.02
1.66 ± 0.19
2.97 ± 0.10
3.27 ± 0.24

log K1
12.98 ± 0.29
13.07 ± 0.43
nda
nd
12.45 ± 0.31
12.72 ± 0.22
12.32 ± 0.15
12.23 ± 0.08
12.69 ± 0.25
nd
nd
nd
12.59 ± 0.25
13.35 ± 0.23
12.07 ± 0.21
13.10 ± 0.20
12.21 ± 0.17

[L2] (nM)
1.70 ± 0.28
1.8 ± 0.18
nda
3.78 ± 0.15
nd
1.55 ± 0.16
0.69 ± 0.09
1.72 ± 0.35
nd
2.29 ± 0.30
1.96 ± 0.21
2.98 ± 0.25
nd
1.14 ± 0.09
nd
nd
nd

log K2
11.05 ± 0.17
11.6 ± 0.12
nda
11.91 ± 0.07
nd
11.42 ± 0.10
11.96 ± 0.21
11.01 ± 0.19
nd
11.89 ± 0.24
11.46 ± 0.13
11.25 ± 0.08
nd
11.22 ± 0.06
nd
nd
nd

[L3] (nM)
nd
nd
nda
nd
5.38 ± 1.39
nd
nd
nd
7.18 ± 2.43
nd
nd
nd
nd
nd
nd
2.61 ± 0.68
nd

Log K3
nd
nd
nda
nd
10.45 ± 0.16
nd
nd
nd
10.1 ± 0.23
nd
nd
nd
nd
nd
nd
10.57 ± 0.19
nd

[LT] (nM)
3.08 ± 0.29
3.1 ± 0.20
nda
3.78 ± 0.15
7.95 ± 1.41
2.96 ± 0.18
1.87 ± 0.22
5.36 ± 0.38
9.81 ± 2.44
2.29 ± 0.30
1.96 ± 0.21
2.98 ± 0.25
3.68 ± 0.17
2.86 ± 0.07
1.66 ± 0.19
5.58 ± 0.59
3.27 ± 0.24

[eLT] (nM)
2.18 ± 0.3
2.35 ± 0.21
nda
3.51 ± 0.15
6.70 ± 1.4
2.33 ± 0.18
1.60 ± 0.23
4.62 ± 0.39
8.47 ± 2.4
1.53 ± 0.31
1.75 ± 0.21
2.73 ± 0.25
0.72 ± 0.39
2.15 ± 0.11
1.49 ± 0.35
4.82 ± 0.60
2.14 ± 0.24

log α'FeL
3.66
3.86
nda
3.46
3.59
3.65
3.41
3.71
3.81
3.07
2.70
2.69
3.45
4.36
3.24
4.45
3.54

log Fe'
-13.17
-13.33
nda
-13.06
-12.77
-13.09
-13.08
-12.93
-12.99
-12.37
-12.43
-12.33
-12.68
-13.74
-13.06
-13.69
-12.67

6
29
53
84
6
29
53
84
6
29
53
84

0.77
0.19
0.29
1.52
0.75
0.52
0.23
2.04
0.72
0.48
0.33
0.91

1.23 ± 0.07
0.83 ± 0.07
0.88 ± 0.07
2.88 ± 0.29
1.39 ± 0.08
0.91 ± 0.04
1.53 ± 0.07
2.55 ± 0.09
1.58 ± 0.07
1.34 ± 0.08
1.16 ± 0.08
nd

12.64 ± 0.25
12.32 ± 0.15
12.40 ± 0.28
12.31 ± 0.28
12.68 ± 0.19
12.66 ± 0.35
12.51 ± 0.11
12.77 ± 0.29
12.54 ± 0.11
12.72 ± 0.16
12.59 ± 0.19
nd

1.43 ± 0.15
1.65 ± 0.17
nd
nd
1.44 ± 0.24
1.01 ± 0.11
nd
nd
nd
1.52 ± 0.26
nd
2.18 ± 0.22

11.36 ± 0.09
11.15 ± 0.08
nd
nd
11.12 ± 0.17
11.05 ± 0.08
nd
nd
nd
11.07 ± 0.17
nd
11.96 ± 0.21

nd
nd
nd
nd
nd
nd
1.6 ± 0.34
nd
2.34 ± 0.37
nd
1.98 ± 0.33
nd

nd
nd
nd
nd
nd
nd
10.8 ± 0.16
nd
10.68 ± 0.13
nd
10.85 ± 0.14
nd

2.66 ± 0.17
2.48 ± 0.18
0.88 ± 0.07
2.88 ± 0.29
2.83 ± 0.25
1.92 ± 0.17
3.13 ± 0.35
2.55 ± 0.09
3.92 ± 0.38
2.86 ± 0.27
3.14 ± 0.34
2.18 ± 0.22

1.89 ± 0.24
2.29 ± 0.19
0.59 ± 0.08
1.36 ± 0.29
2.08 ± 0.27
1.40 ± 0.19
2.90 ± 0.35
0.51 ± 0.09
3.20 ± 0.39
2.38 ± 0.28
2.81 ± 0.34
1.27 ± 0.25

3.37
3.20
3.17
3.44
3.51
3.28
3.63
3.48
3.49
3.67
3.53
3.06

-12.87
-13.02
-12.88
-12.59
-12.96
-12.91
-13.34
-12.87
-12.89
-13.18
-13.15
-12.34

127

Table B4. Dissolved copper (dCu) and copper speciation results over the course of the incubation
from all treatments. Ligand concentrations and conditional stability constants are presented from
each treatment and replicate separately with the included error given from the ProMCC titration
fitting results. Bioavailable log Cu2+ concentrations were calculated from the speciation results
following Moffett and Dupont (2007). ‘nda’ indicates ‘no data available’, no samples were
collected.
Treatment
UV
a
UV
b
UV
c
UVfiltered

noUV
a
noUV
b
noUV
c
noUVfiltered

Dark

Darkfiltered

Time (h)
0
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84
6
29
53
84

[Cu] (nM)
1.44
1.35
1.64
2.55
1.29
1.41
1.58
1.19
2.24
1.5
1.56
1.26
1.42
1.46
1.49
1.29
1.49
1.58
1.31
2.06
1.45
1.43
1.31
2.02
1.55
2.31
1.32
1.79
1.17
1.48
1.70
1.53
1.43
1.25
1.33
1.03
1.68
1.98
1.25
1.40
1.37

[L] (nM)
nda
3.23 ± 0.17
3.16 ± 0.30
4.38 ± 0.19
3.96 ± 0.30
3.17 ± 0.16
4.93 ± 0.37
8.95 ± 0.85
9.17 ± 0.83
3.5 ± 0.30
3.46 ± 0.12
3.37 ± 0.27
3.56 ± 0.25
3.43 ± 0.22
2.41 ± 0.23
2.17 ± 0.13
2.65 ± 0.12
2.90 ± 0.25
4.58 ± 0.34
4.70 ± 0.28
5.62 ± 0.27
3.10 ± 0.57
4.58 ± 0.33
4.59 ± 0.37
5.30 ± 0.35
3.78 ± 0.23
3.12 ± 0.13
4.12 ± 0.20
3.75 ± 0.41
2.75 ± 0.12
2.92 ± 0.19
3.01 ± 0.17
2.35 ± 0.13
3.84 ± 0.29
3.1 ± 0.19
2.57 ± 0.17
2.59 ± 0.17
2.72 ± 0.11
3.18 ± 0.35
2.61 ± 0.01
2.23 ± 0.11

log K
nda
13.55 ± 0.08
13.59 ± 0.16
13.80 ± 0.08
13.89 ± 0.12
13.99 ± 0.10
13.28 ± 0.07
13.15 ± 0.10
13.29 ± 0.09
13.59 ± 0.09
13.56 ± 0.05
13.71 ± 0.10
13.59 ± 0.09
13.42 ± 0.08
14.02 ± 0.21
13.68 ± 0.08
13.54 ± 0.06
13.67 ± 0.11
13.59 ± 0.16
13.78 ± 0.11
13.36 ± 0.06
13.20 ± 0.30
13.51 ± 0.09
13.63 ± 0.09
13.35 ± 0.06
14.17 ± 0.11
13.92 ± 0.08
13.94 ± 0.10
13.48 ± 0.12
13.93 ± 0.06
13.39 ± 0.09
13.78 ± 0.08
13.88 ± 0.09
13.37 ± 0.07
13.50 ± 0.06
13.91 ± 0.10
13.97 ± 0.17
14.27 ± 0.11
13.52 ± 0.12
13.80 ± 0.06
14.15 ± 0.09

[eLT] (nM)
nda
1.88 ± 0.17
1.52 ± 0.30
1.83 ± 0.19
2.67 ± 0.30
1.76 ± 0.17
3.35 ± 0.37
7.76 ±0.85
6.93 ± 0.83
2.00 ± 0.30
1.90 ± 0.12
2.11 ± 0.27
2.14 ± 0.25
1.97 ± 0.22
0.92 ± 0.23
0.88 ± 0.13
1.16 ± 0.12
1.32 ± 0.25
3.27 ± 0.34
2.64 ± 0.28
4.17 ± 0.27
1.67 ± 0.57
3.27 ± 0.33
2.57 ± 0.37
3.75 ± 0.35
1.47 ± 0.23
1.80 ± 0.13
2.33 ± 0.20
2.58 ± 0.41
1.27 ± 0.12
1.22 ± 0.20
1.48 ± 0.17
0.92 ± 0.13
2.59 ± 0.29
1.77 ± 0.19
1.54 ± 0.17
0.92 ± 0.17
0.74 ± 0.11
1.93 ± 0.35
1.21 ± 0.01
0.86 ± 0.11

log α'CuL
nda
4.83
4.77
5.06
5.31
5.24
4.80
5.04
5.13
4.89
4.84
5.03
4.92
4.71
4.98
4.63
4.60
4.79
5.10
5.21
4.98
4.42
5.02
5.04
4.93
5.34
5.17
5.30
4.89
5.03
4.48
4.95
4.84
4.78
4.74
5.09
4.93
5.14
4.81
4.88
5.09

log Cu2+
nda
-13.70
-13.56
-13.65
-14.20
-14.09
-13.61
-13.97
-13.78
-13.72
-13.65
-13.93
-13.77
-13.55
-13.81
-13.52
-13.43
-13.59
-13.98
-13.89
-13.82
-13.27
-13.91
-13.74
-13.74
-13.98
-14.05
-14.05
-13.82
-13.86
-13.25
-13.76
-13.69
-13.69
-13.62
-14.08
-13.70
-13.84
-13.71
-13.74
-13.95
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Table B5. The measured long-term Fe uptake rates (pmol Fe. μg chla-1. h-1 and pmol Fe. L-1. h-1) for each size fraction of phytoplankton
measured at ~24, 47, and 78 hours in this incubation. The values represent the average ± standard deviation of three replicate
measurements for each size fraction and light treatment.
Size fraction:
Treatment Time (h)
UV
29
53
84
noUV
29
53
84

0.2-1 μm
(pmol Fe μg chla-1 h-1) (pmol Fe L-1 h-1)
26.25 ± 17.74
1.44 ± 0.3
12.93 ± 4.49
1.35 ± 0.69
13.14 ± 6.11
0.96 ± 0.68
51.47 ± 45.19
1.12 ± 0.94
19.2 ± 12.52
1.67 ± 0.17
11.25 ± 10.03
0.96 ± 0.65

1-5 μm
(pmol Fe μg chla-1 h-1) (pmol Fe L-1 h-1)
8.82 ± 3.89
3.17 ± 1.92
3.24 ± 2.19
2.42 ± 1.53
3.4 ± 0.14
2.79 ± 0.74
6.52 ± 5.32
2.78 ± 2.55
3.58 ± 0.53
4.17 ± 0.46
3.08 ± 2.21
1.93 ± 1.34

> 5 μm
(pmol Fe μg chla-1 h-1) (pmol Fe L-1 h-1)
5.19 ± 2.81
2.07 ± 0.93
1.14 ± 0.65
2.59 ± 1.81
*1.91 ± 0.32
4.72 ± 0.76*
3.41 ± 2.56
2.11 ± 1.83
1.48 ± 0.31
2.95 ± 0.39
0.96 ± 0.74
2.58 ± 1.81

*represents points that are statistically significant (ANOVA, p < 0.05) between UV and noUV measurements
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Appendix C: Supplementary Information for Chapter II
Contents of this Appendix
Figure C1
Tables C1–C6
Introduction
This supporting information provides additional details referenced from the main
manuscript along with supplemental figures and tables. Monthly average aerosol optical density
in the month of each cruise is presented in Figure C1. Data tables present the values obtained by
reference materials run with the samples analyzed in the manuscript and the existing consensus
values (Table C1), the hydrographic, fluorescence, and macronutrient datasets (Table C2), the
dissolved metal concentration datasets (Table C3), the total dissolvable metal concentration
datasets (Table C4), the dissolved iron and copper speciation as well as Fe-binding electroactive
humic-like ligand datasets (Table C5), and the simple linear regression metal vs. salinity slopes
from each cruise (Table C6).
All of these data have also been submitted to the Biological and Chemical
Oceanography Data Management Office (www.bco-dmo.org) for archiving and public release.
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a.

June 2015

b.

February 2018

Figure C1. Monthly average composites of NASA MODIS satellite images
(worldview.earthdata.nasa.gov) of aerosol optical density (AOD) over the Atlantic Ocean for the
months of June 2015 (a), and February/March 2018 (b).
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Table C1. The blanks, limit of detection (LoD; 3s of air blank), and reference material values determined, and the respective consensus
value for each metal converted to nmol L-1 using a density of seawater of 1.025 kg L-1. Consensus values for SAFe reference material
can be found at: https://websites.pmc.ucsc.edu/~kbruland/GeotracesSaFe/kwbGeotracesSaFe.html
Certified values for NASS-7 can be found at: https://nrc.canada.ca/en/certifications-evaluations-standards/certified-referencematerials/list/68/html
Fe
(nM)

Cu
(nM)

Mn
(nM)

Zn
(nM)

Co
(pM)

Ni
(nM)

Cd
(pM)

Pb
(pM)

Air blanks (n=7)

0.100 ± 0.019 (n=6)

0.018 ± 0.004

0.006 ± 0.0008

0.042 ± 0.006 (n=4)

0.45 ± 0.28

0.021 ± 0.014

0.28 ± 0.23

2.70 ± 0.53

LoD

0.058

0.012

0.002

0.019

0.9

0.041

0.7

1.6

SAFe S1 (n=4)

0.089 ± 0.010

0.505 ± 0.018

0.87 ± 0.01

0.082 ± 0.024

4.2 ± 0.6

2.29 ± 0.01

2.4 ± 3.7

47.5 ± 1

Consensus

0.095 ± 0.008

0.53 ± 0.05

0.810 ± 0.06

0.071 ± 0.01

5±1

2.34 ± 0.09

1.0 ± 0.3

50 ± 3

SAFe D2 (n=9)

0.986 ± 0.083

2.40 ± 0.07

0.42 ± 0.03

8.08 ± 0.30

48 ± 1 (*n=4)

8.69 ± 0.16

1000 ± 26

28.2 ± 1.7

Consensus

1.011 ± 0.024

2.34 ± 0.15

0.36 ± 0.05

7.62 ± 0.26

47 ± 3

8.85 ± 0.26

1005 ± 20

29 ± 2

NASS-7 (n=4)

6.18 ± 0.27

2.92 ± 0.05

13.65 ± 0.38

6.54 ± 0.12

244 ± 5.6

4.31 ± 0.37

142 ± 3

12.9 ± 1.5

Consensus

6.27 ± 0.46

3.16 ± 0.22

13.64 ± 1.1

6.36 ± 1.2

247 ± 23.7

4.13 ± 0.30

145 ± 1.4

12.5 ± 3.8
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Table C2. Hydrographic and macronutrient data of discrete sampling time points for the June 2015 and FebMar 2018 cruises. Listed are the latitude and longitude for each sample; salinity and temperature values were
taken from the flow-through data at the time each sample was taken. For 2015, flow-through fluorescence
data, calibrated with a chlorophyll a standard, are presented; for 2018, the data represents discrete chlorophyll
a samples. ‘B.D.’ represents results that were below analytical detection limit. ‘nda’ represents samples that
were not collected, or data is otherwise not available.
Date

Time
GMT-5

2015
6/21/15
6/21/15
6/21/15
6/21/15
6/20/15
6/20/15
6/18/15
6/20/15
6/20/15
6/18/15
6/20/15
6/20/15
6/20/15
6/18/15
6/20/15
6/20/15
6/19/15
6/19/15
6/19/15
6/19/15
6/19/15
2018
3/2/18
3/2/18
3/2/18
3/2/18
3/2/18
3/2/18
3/1/18
3/2/18
3/1/18
3/1/18
3/1/18
3/1/18
2/27/18
3/1/18
2/27/18
3/1/18
2/27/18
2/27/18
2/28/18
2/28/18
2/28/18
2/27/18
2/28/18
2/28/18

2015
04:15
03:45
03:15
02:45
18:15
15:35
12:30
14:00
12:00
16:10
10:00
07:45
05:45
20:10
03:20
00:50
19:55
11:05
05:35
16:50
08:40
2018
06:40
08:49
14:29
11:39
14:01
13:40
20:32
13:16
08:06
10:38
12:43
03:00
16:08
17:30
17:17
00:00
18:32
19:49
20:18
17:02
14:08
22:21
11:01
08:32

Latitude
°N
2015
27.66
27.62
27.58
27.56
27.48
27.41
27.31
27.29
27.15
27.01
26.99
26.90
26.73
26.69
26.52
26.34
26.08
25.95
25.94
25.89
25.88
2018
26.86
27.09
27.62
27.36
27.59
27.57
27.21
27.54
28.19
27.95
27.73
28.09
27.33
27.46
27.24
27.88
27.14
27.03
27.60
27.28
26.94
26.88
26.73
26.67

Longitude
°E
2015
-82.62
-82.66
-82.72
-82.78
-82.87
-83.02
-83.13
-83.22
-83.49
-83.67
-83.74
-83.89
-84.16
-84.24
-84.47
-84.87
-85.31
-85.50
-85.61
-85.68
-85.69
2018
-82.35
-82.50
-82.65
-82.68
-82.70
-82.75
-82.79
-82.79
-82.91
-82.92
-82.92
-83.04
-83.09
-83.10
-83.23
-83.29
-83.37
-83.52
-83.63
-83.66
-83.67
-83.75
-83.93
-84.17

Salinity
2015
32.21
32.82
35.84
35.96
36.52
36.68
37.04
37.07
37.04
36.80
36.99
37.01
37.03
36.92
36.60
36.53
37.26
37.22
37.12
37.04
37.23
2018
34.93
34.72
33.81
34.78
34.28
34.70
35.88
34.83
34.35
34.42
34.82
35.22
36.32
36.30
36.42
36.48
36.50
36.46
36.49
36.58
36.55
36.56
36.38
36.17

Temperature
°C
2015
29.43
29.03
29.65
29.63
28.90
28.38
28.47
29.16
28.63
28.64
28.14
27.65
28.08
27.69
27.88
27.53
28.13
27.90
27.68
27.68
27.69
2018
23.95
24.22
24.51
24.04
24.39
24.30
23.07
24.06
23.38
23.72
23.65
22.49
23.85
23.32
23.89
22.38
23.90
23.82
23.32
23.66
23.88
23.84
24.54
26.05

Chl a Fluor
µg L-1
2015
3.29
2.15
2.08
2.06
0.62
0.48
0.51
0.48
0.42
0.43
0.42
0.42
0.45
0.45
0.45
0.42
0.46
0.43
0.40
0.43
0.42
2018
1.87
1.82
nda
0.80
3.36
nda
0.17
1.64
0.56
nda
0.46
0.34
0.17
nda
0.15
0.15
0.14
0.14
0.19
0.15
0.17
0.12
0.22
0.12

Nitrate
µM
2015
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
2018
B.D.
B.D.
B.D.
B.D.
nda
nda
B.D.
nda
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.

Silicic Acid
µM
2015
1.93
3.24
2.73
1.40
3.06
1.70
0.20
1.13
0.61
0.31
1.11
0.25
0.79
0.29
0.39
0.64
1.07
0.54
1.04
1.26
1.08
2018
6.51
5.42
9.91
4.79
6.29
5.03
1.29
4.03
2.44
3.69
3.48
2.15
1.32
1.34
1.55
1.24
1.35
1.30
1.37
1.33
1.44
1.23
2.51
1.88

Phosphate
µM
2015
1.26
0.68
0.11
0.13
0.08
0.05
B.D.
0.05
0.09
B.D.
0.04
0.04
B.D.
B.D.
0.13
0.02
0.04
0.04
0.04
0.05
0.03
2018
0.08
0.09
B.D.
B.D.
nda
nda
B.D.
nda
B.D.
B.D.
0.08
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
B.D.
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Table C3. Dissolved (<0.2 µm; ‘d’) metal concentrations for discrete samples collected during the June 2015 and Feb-Mar 2018 cruises.
Errors represent either the standard deviation of replicate measurements of each sample or the average relative standard deviation
observed for all samples measured in replicate. ‘nda’ indicates ‘no data available’.
Latitude
°N
2015
27.66
27.62
27.58
27.56
27.48
27.41
27.31
27.29
27.15
27.01
26.99
26.90
26.73
26.69
26.52
26.34
26.08
25.95
25.94
25.89
25.88

Longitude
°E
2015
-82.62
-82.66
-82.72
-82.78
-82.87
-83.02
-83.13
-83.22
-83.49
-83.67
-83.74
-83.89
-84.16
-84.24
-84.47
-84.87
-85.31
-85.50
-85.61
-85.68
-85.69

dMn
nM
2015
14.16 ± 0.56
9.57 ± 0.31
15.12 ± 0.25
16.23 ± 0.49
15.58 ± 0.51
9.95 ± 0.45
4.81 ± 0.05
5.73 ± 0.08
4.52 ± 0.25
4.90 ± 0.08
4.78 ± 0.19
5.36 ± 0.01
5.71 ± 0.08
5.63 ± 0.17
6.76 ± 0.31
6.97 ± 0.09
3.46 ± 0.08
3.58 ± 0.11
3.85 ± 0.11
3.86 ± 0.06
3.68 ± 0.08

dFe
nM
2015
7.99 ± 0.40
8.68 ± 0.61
8.19 ± 0.42
8.12 ± 0.55
5.46 ± 0.14
2.74 ± 0.16
3.00 ± 0.06
1.87 ± 0.17
1.19 ± 0.08
1.66 ± 0.04
1.44 ± 0.06
1.48 ± 0.01
1.56 ± 0.17
1.62 ± 0.10
2.18 ± 0.09
1.73 ± 0.08
1.36 ± 0.12
1.50 ± 0.22
1.47 ± 0.05
1.63 ± 0.10
nda

dCo
pM
2015
489 ± 18
349 ± 25
259 ± 14
248 ± 10
204 ± 11
140 ± 4
56 ± 2
66 ± 2
59 ± 2
60 ± 4
59 ± 1
62 ± 1
69 ± 3
69 ± 4
85 ± 2
93 ± 6
56 ± 3
36 ± 2
33 ± 1
35 ± 2
38 ± 5

dNi
nM
2015
5.14 ± 0.21
4.06 ± 0.24
3.81 ± 0.40
3.40 ± 0.10
3.44 ± 0.13
3.16 ± 0.07
2.58 ± 0.14
2.47 ± 0.06
2.32 ± 0.09
2.42 ± 0.12
2.57 ± 0.09
2.49 ± 0.18
2.56 ± 0.10
2.53 ± 0.12
2.75 ± 0.11
2.70 ± 0.07
2.41 ± 0.15
2.24 ± 0.16
2.19 ± 0.19
2.30 ± 0.10
2.25 ± 0.16

dCu
nM
2015
5.97 ± 0.39
4.81 ± 0.27
3.46 ± 0.22
3.63 ± 0.07
2.72 ± 0.14
1.94 ± 0.07
1.33 ± 0.07
1.50 ± 0.08
1.20 ± 0.05
1.13 ± 0.01
1.44 ± 0.14
1.27 ± 0.03
1.26 ± 0.04
1.31 ± 0.02
1.51 ± 0.10
1.52 ± 0.08
1.49 ± 0.03
1.27 ± 0.09
1.25 ± 0.01
2.19 ± 0.24
nda

dZn
nM
2015
1.71 ± 0.26
1.57 ± 0.16
1.13 ± 0.12
1.60 ± 0.33
0.60 ± 0.08
0.26 ± 0.06
0.15 ± 0.03
0.18 ± 0.03
0.17 ± 0.08
0.16 ± 0.02
0.24 ± 0.02
0.16 ± 0.05
0.31 ± 0.08
0.22 ± 0.01
0.12 ± 0.05
0.89 ± 0.20
0.10 ± 0.02
0.10 ± 0.01
0.10 ± 0.01
0.75 ± 0.08
0.17 ± 0.02

dCd
pM
2015
133 ± 22
nda
85 ± 14
76 ± 13
69.6 ± 5.1
42.1 ± 2.5
3.0 ± 3.9
4.1 ± 0.7
4.5 ± 0.8
7.1 ± 1.3
13.7 ± 9.6
4.4 ± 3.9
5.9 ± 1.5
6.8 ± 2.6
nda
11.7 ± 0.2
5.5 ± 0.1
24.7 ± 0.3
nda
nda
19.4 ± 0.3

dPb
pM
2015
23.8 ± 1.0
28.8 ± 2.5
24.3 ± 1.3
20.5 ± 0.5
23.9 ± 1.2
22.1 ± 1.5
23.6 ± 2.7
19.6 ± 1.9
18.6 ± 1.6
21.0 ± 2.5
20.4 ± 2.6
18.3 ± 0.8
19.7 ± 1.4
17.9 ± 1.2
18.6 ± 0.9
16.5 ± 0.9
19.2 ± 1.8
13.0 ± 1.1
15.9 ± 0.9
25.8 ± 2.0
13.5 ± 0.3
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Table C3 continued
Latitude
°N
2018
26.86
27.09
27.62
27.36
27.59
27.57
27.21
27.54
28.19
27.95
27.73
28.09
27.33
27.46
27.24
27.88
27.14
27.03
27.60
27.28
26.94
26.88
26.73
26.67

Longitude
°E
2018
-82.35
-82.50
-82.65
-82.68
-82.70
-82.75
-82.79
-82.79
-82.91
-82.92
-82.92
-83.04
-83.09
-83.10
-83.23
-83.29
-83.37
-83.52
-83.63
-83.66
-83.67
-83.75
-83.93
-84.17

dMn
nM
2018
14.90 ± 0.002
12.4 ± 0.7
22.9 ± 3.1
15.4 ± 0.7
23.4 ± 0.5
19.8 ± 1.3
4.45 ± 0.04
17.2 ± 0.7
19.8 ± 1.2
14.27 ± 0.05
15.7 ± 0.3
3.04 ± 0.10
2.65 ± 0.07
2.74 ± 0.11
2.72 ± 0.06
3.09 ± 0.12
2.67 ± 0.15
2.58 ± 0.08
2.73 ± 0.08
2.58 ± 0.10
2.59 ± 0.10
2.54 ± 0.09
2.77 ± 0.15
3.04 ± 0.10

dFe
nM
2018
8.41 ± 0.66
6.42 ± 0.51
10.06 ± 0.79
8.05 ± 0.63
8.74 ± 0.69
8.68 ± 0.68
2.81 ± 0.22
10.25 ± 0.81
8.61 ± 0.68
6.29 ± 0.49
6.47 ± 0.51
6.03 ± 0.47
0.29 ± 0.02
0.43 ± 0.03
0.21 ± 0.02
0.59 ± 0.05
0.15 ± 0.01
0.11 ± 0.01
0.13 ± 0.01
0.12 ± 0.01
0.17 ± 0.01
0.08 ± 0.01
0.35 ± 0.03
0.54 ± 0.04

dCo
pM
2018
196 ± 4
200 ± 23
374 ± 41
225 ± 23
315 ± 21
270 ± 28
138 ± 11
225 ± 21
248 ± 16
248 ± 11
225 ± 4
203 ± 8
59 ± 0.3
73 ± 5
63 ± 1
74 ± 7
60 ± 4
52 ± 4
63 ± 4
58 ± 4
55 ± 3
53 ± 4
47 ± 2
46 ± 4

dNi
nM
2018
3.34 ± 0.08
3.38 ± 0.22
4.52 ± 0.38
3.42 ± 0.31
3.80 ± 0.21
3.58 ± 0.40
2.81 ± 0.12
3.43 ± 0.29
3.28 ± 0.18
3.48 ± 0.15
3.40 ± 0.09
3.28 ± 0.14
2.39 ± 0.13
2.25 ± 0.17
2.30 ± 0.11
2.42 ± 0.17
2.25 ± 0.17
2.21 ± 0.16
2.23 ± 0.09
2.19 ± 0.14
2.13 ± 0.08
2.13 ± 0.10
1.92 ± 0.21
1.91 ± 0.13

dCu
nM
2018
3.48 ± 0.19
3.63 ± 0.11
5.94 ± 0.33
3.41 ± 0.37
4.73 ± 0.38
3.76 ± 0.21
2.11 ± 0.03
3.53 ± 0.19
3.37 ± 0.03
3.62 ± 0.34
3.34 ± 0.11
2.76 ± 0.21
1.48 ± 0.01
1.66 ± 0.06
1.49 ± 0.03
1.62 ± 0.07
1.41 ± 0.08
1.41 ± 0.08
1.45 ± 0.01
2.19 ± 0.24
1.31 ± 0.04
1.32 ± 0.03
1.17 ± 0.08
1.24 ± 0.06

dZn
nM
2018
0.58 ± 0.06
0.58 ± 0.10
3.90 ± 0.04
1.03 ± 0.02
2.45 ± 0.06
2.00 ± 0.21
0.32 ± 0.01
1.17 ± 0.22
0.90 ± 0.04
1.21 ± 0.13
0.87 ± 0.09
0.54 ± 0.06
0.15 ± 0.01
0.33 ± 0.02
0.02 ± 0.002
0.07 ± 0.01
0.06 ± 0.01
0.070 ± 0.003
0.32 ± 0.01
0.040 ± 0.004
0.16 ± 0.05
0.06 ± 0.01
0.31 ± 0.07
0.68 ± 0.12

dCd
pM
2018
75 ± 12
80 ± 12
173 ± 30
90 ± 16
121 ± 21
113 ± 19
59 ± 9
91 ± 16
102 ± 4
99 ± 17
91 ± 16
78 ± 9
8.60 ± 0.03
5.6 ± 1.4
6.4 ± 3.8
10.5 ± 1.6
6.8 ± 3.0
4.6 ± 0.8
5.7 ± 1.0
3.4 ± 1.7
3.5 ± 0.5
4.1 ± 1.8
2.6 ± 3.2
2.7 ± 0.7

dPb
pM
2018
25.6 ± 0.9
24.3 ± 0.2
34.8 ± 1.1
36.1 ± 0.6
33.1 ± 1.6
34.1 ± 0.9
27.5 ± 1.0
38.8 ± 0.3
16.3 ± 0.9
16.7 ± 0.6
24.6 ± 2.0
22.1 ± 0.9
16.4 ± 1.1
17.8 ± 1.8
17.3 ± 1.5
17.8 ± 0.8
16.9 ± 1.6
14.2 ± 0.2
15.1 ± 3.4
13.1 ± 1.4
13.1 ± 2.1
13.1 ± 1.3
18.5 ± 1.4
12.2 ± 2.0
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Table C4. Total dissolvable (unfiltered, acidified; ‘TD’) metal concentrations for discrete samples collected during the June 2015 and
Feb-Mar 2018 cruises. Errors listed represent either the standard deviation of replicate measurements on each sample or the average
relative standard deviation observed for all samples measured in replicate. ‘nda’ indicates ‘no data available’.
Latitude
°N
2015
27.66
27.62
27.58
27.56
27.48
27.41
27.31
27.29
27.15
27.01
26.99
26.90
26.73
26.69
26.52
26.34
26.08
25.95
25.94
25.89
25.88

Longitude
°E
2015
-82.62
-82.66
-82.72
-82.78
-82.87
-83.02
-83.13
-83.22
-83.49
-83.67
-83.74
-83.89
-84.16
-84.24
-84.47
-84.87
-85.31
-85.50
-85.61
-85.68
-85.69

TDMn
nM
2015
66.8 ± 2.2
33.3 ± 1.6
52.9 ± 2.2
42.7 ± 3.0
25.2 ± 0.7
14.91 ± 0.34
6.75 ± 0.29
6.39 ± 0.08
4.70 ± 0.17
5.34 ± 0.47
4.97 ± 0.26
5.62 ± 0.24
6.06 ± 0.08
5.85 ± 0.11
7.32 ± 0.25
8.06 ± 0.16
7.66 ± 0.04
3.71 ± 0.06
3.77 ± 0.10
3.95 ± 0.08
nda

TDFe
nM
2015
799 ± 56
143 ± 10
524 ± 27
275 ± 13
42.2 ± 0.5
9.77 ± 0.38
7.63 ± 0.04
2.82 ± 0.06
7.58 ± 0.32
2.72 ± 0.19
2.81 ± 0.65
2.47 ± 0.03
33.1 ± 0.9
5.96 ± 0.42
2.91 ± 0.30
31.4 ± 0.5
25.5 ± 1.2
2.76 ± 0.24
2.46 ± 0.26
2.62 ± 0.32
nda

TDCo
pM
2015
647 ± 46
431 ± 48
350 ± 24
275 ± 22
212 ± 16
147 ± 6
72 ± 12
72 ± 6
58 ± 5
59 ± 4
58 ± 4
62 ± 4
74 ± 5
80 ± 11
83 ± 5
112 ± 1
62 ± 1
39 ± 4
38 ± 3
39 ± 5
nda

TDNi
nM
2015
6.03 ± 0.35
4.65 ± 0.20
4.30 ± 0.22
3.69 ± 0.22
3.79 ± 0.26
3.30 ± 0.18
2.70 ± 0.21
2.58 ± 0.08
2.50 ± 0.27
2.57 ± 0.18
2.59 ± 0.25
2.56 ± 0.20
2.66 ± 0.13
2.58 ± 0.05
2.71 ± 0.17
3.41 ± 0.13
2.61 ± 0.09
2.34 ± 0.17
2.42 ± 0.27
2.36 ± 0.12
nda

TDCu
nM
2015
6.47 ± 0.36
5.56 ± 0.31
4.05 ± 0.17
3.59 ± 0.39
3.30 ± 0.26
1.95 ± 0.18
1.64 ± 0.09
1.43 ± 0.09
1.98 ± 0.29
1.48 ± 0.05
1.35 ± 0.20
1.29 ± 0.01
1.26 ± 0.04
1.34 ± 0.05
1.61 ± 0.13
3.68 ± 0.36
3.29 ± 0.50
1.50 ± 0.16
1.33 ± 0.25
1.38 ± 0.15
nda

TDZn
nM
2015
5.73 ± 0.21
4.80 ± 0.12
3.46 ± 0.03
2.50 ± 0.13
5.16 ± 0.12
0.65 ± 0.15
0.18 ± 0.01
0.27 ± 0.03
3.39 ± 0.85
0.30 ± 0.03
1.00 ± 0.10
0.30 ± 0.03
8.09 ± 0.84
0.64 ± 0.05
0.24 ± 0.02
14.65 ± 0.15
9.01 ± 0.90
0.22 ± 0.02
0.33 ± 0.03
1.12 ± 0.11
nda

TDCd
pM
2015
nda
126 ± 22
93 ± 16
80.2 ± 14
76.5 ± 5.7
44.0 ± 1.1
nda
24.7 ± 5.7
27.6 ± 7.8
23.3 ± 4.5
nda
20 ± 5
nda
21.0 ± 3.6
24.2 ± 5.6
27.3 ± 0.8
17.2 ± 3.0
22.4 ± 3.0
23.7 ± 3.2
19.2 ± 4.4
59.7 ± 0.7

TDPb
pM
2015
341 ± 30
103 ± 6
240 ± 16
131 ± 9
62.5 ± 0.7
18.3 ± 0.9
25.9 ± 4.3
22.4 ± 2.6
51.6 ± 1.3
22.0 ± 1.3
23.4 ± 3.7
19.5 ± 2.5
116 ± 4
22.9 ± 2.8
19.9 ± 1.4
90.7 ± 2.4
88.8 ± 2.7
15.8 ± 2.7
20.5 ± 4.7
16.7 ± 1.7
nda
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Table C4 continued
Latitude
°N
2018
26.86
27.09
27.62
27.36
27.59
27.57
27.21
27.54
28.19
27.95
27.73
28.09
27.33
27.46
27.24
27.88
27.14
27.03
27.60
27.28
26.94
26.88
26.73
26.67

Longitude
°E
2018
-82.35
-82.5
-82.65
-82.68
-82.70
-82.75
-82.79
-82.79
-82.91
-82.92
-82.92
-83.04
-83.09
-83.10
-83.23
-83.29
-83.37
-83.52
-83.63
-83.66
-83.67
-83.75
-83.93
-84.17

TDMn
nM
2018
19.1 ± 0.5
17.6 ± 2.5
50.6 ± 1.6
16.9 ± 0.5
nda
32 ± 1.0
4.43 ± 0.11
17.5 ± 0.6
23.5 ± 0.6
21.3 ± 0.4
19.0 ± 0.6
3.39 ± 0.03
2.85 ± 0.09
2.91 ± 0.12
2.78 ± 0.09
3.10 ± 0.12
2.72 ± 0.15
2.78 ± 0.05
2.92 ± 0.06
2.73 ± 0.13
2.71 ± 0.09
2.73 ± 0.04
2.90 ± 0.06
3.39 ± 0.03

TDFe
nM
2018
107 ± 8
67 ± 5
1008 ± 79
638 ± 50
nda
662 ± 52
4.04 ± 0.33
113 ± 9
79 ± 3
40.8 ± 1.7
89.3 ± 7.0
12.7 ± 1.0
1.03 ± 0.12
1.60 ± 0.42
0.41 ± 0.02
0.74 ± 0.05
1.04 ± 0.13
0.56 ± 0.06
0.70 ± 0.03
0.58 ± 0.05
0.21 ± 0.06
0.45 ± 0.01
0.65 ± 0.09
1.51 ± 0.14

TDCo
pM
2018
227 ± 19
231 ± 1
432 ± 30
291 ± 87
nda
262 ± 25
140 ± 10
178 ± 40
241 ± 9
254 ± 5
nda
203 ± 14
70.1 ± 6.6
72.3 ± 9.2
68.6 ± 7.1
78.8 ± 5.8
68.6 ± 4.2
61.5 ± 2
71 ± 7
63.4 ± 5.8
59.0 ± 5.6
59.9 ± 4.8
49.8 ± 2.3
52 ± 2.8

TDNi
nM
2018
3.56 ± 0.13
3.47 ± 0.14
3.49 ± 0.10
3.92 ± 0.68
nda
3.65 ± 0.19
2.82 ± 0.10
3.19 ± 0.22
3.40 ± 0.23
3.52 ± 0.11
3.54 ± 0.21
3.21 ± 0.19
2.18 ± 0.07
2.31 ± 0.09
2.21 ± 0.11
2.31 ± 0.13
2.22 ± 0.11
2.21 ± 0.15
2.18 ± 0.15
2.18 ± 0.15
2.16 ± 0.13
2.19 ± 0.18
2.10 ± 0.05
1.84 ± 0.16

TDCu
nM
2018
3.55 ± 0.20
3.53 ± 0.20
6.52 ± 0.37
4.39 ± 1.39
nda
4.18 ± 0.24
2.17 ± 0.12
3.10 ± 0.18
3.55 ± 0.16
3.56 ± 0.18
3.50 ± 0.20
2.82 ± 0.16
1.53 ± 0.01
1.59 ± 0.01
1.50 ± 0.01
1.68 ± 0.01
1.51 ± 0.03
1.48 ± 0.04
1.57 ± 0.09
1.44 ± 0.01
1.40 ± 0.01
1.42 ± 0.05
1.22 ± 0.05
1.41 ± 0.12

TDZn
nM
2018
1.63 ± 0.03
1.46 ± 0.15
7.44 ± 0.77
1.58 ± 0.16
nda
3.91 ± 0.4
0.26 ± 0.03
1.25 ± 0.13
1.69 ± 0.09
1.55 ± 0.05
0.90 ± 0.09
0.75 ± 0.08
0.79 ± 0.02
0.27 ± 0.02
0.28 ± 0.03
0.35 ± 0.07
1.04 ± 0.15
0.08 ± 0.01
0.26 ± 0.03
0.11 ± 0.01
0.62 ± 0.06
0.15 ± 0.02
0.38 ± 0.23
nda

TDCd
pM
2018
93.7 ± 14
95.1 ± 15
110 ± 19
127 ± 22
nda
110 ± 18.8
124 ± 92.3
51.7 ± 8.9
103.5 ± 4
105.6 ± 18.1
100.6 ± 17.3
nda
9.8 ± 1.3
10.4 ± 1.8
10 ± 1.5
13.4 ± 2.3
9.4 ± 0.5
13.4 ± 2.3
64.8 ± 11.1
9.5 ± 1.6
5.6 ± 1.0
10.8 ± 1.9
19.6 ± 3.4
9.3 ± 1.6

TDPb
pM
2018
78.1 ± 0.5
64.7 ± 14.4
42.2 ± 3.7
63.6 ± 5.5
nda
51.6 ± 4.5
29.2 ± 2.2
75.8 ± 6.6
50.7 ± 8.7
35.6 ± 0.9
66.1 ± 5.7
25.8 ± 9.4
16.8 ± 1.9
16.5 ± 1.4
16.8 ± 0.8
16.7 ± 1.2
16.2 ± 0.3
16.0 ± 1.4
15.6 ± 1.8
13.6 ± 2.0
14.1 ± 2.5
12.8 ± 2.2
13.5 ± 0.6
12.2 ± 3.5
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Table C5. Dissolved iron and copper speciation results and Fe-binding electroactive humic substances (Fe HS-like ligands) from the
June 2015 and Feb-Mar 2018 cruises. Ligand concentrations ([LFe], [LCu]) and conditional stability constants are presented from each
treatment and replicate separately with the 95% confidence interval of each parameter outcome as given from the ProMCC titration
fitting results. Inorganic Fe (Fe¢) concentrations were calculated from the speciation results. Bioavailable log Cu2+ concentrations were
calculated from the speciation results following Moffett and Dupont (2007).
Latitude
°N
2015
27.66
27.62
27.58
27.56
27.48
27.41
27.31
27.29
27.15
27.01
26.99
26.90
26.73
26.69
26.52
26.34
26.08
25.95
25.94
25.89
25.88

Longitude
°E
2015
-82.62
-82.66
-82.72
-82.78
-82.87
-83.02
-83.13
-83.22
-83.49
-83.67
-83.74
-83.89
-84.16
-84.24
-84.47
-84.87
-85.31
-85.50
-85.61
-85.68
-85.69

LFe
nM
2015
9.94 ± 0.30
10.67 ± 0.21
9.70 ± 0.24
9.97 ± 0.25
6.18 ± 0.25
3.22 ± 0.12
3.72 ± 0.09
3.03 ± 0.13
2.56 ± 0.15
2.87 ± 0.22
2.67 ± 0.15
2.39 ± 0.20
2.57 ± 0.15
3.46 ± 0.24
2.96 ± 0.13
3.19 ± 0.10
2.71 ± 0.19
2.69 ± 0.18
2.73 ± 0.17
2.24 ± 0.06
nda

cond
log K FeL,F
eʹ

-1

M
2015
12.38 ± 0.19
12.51 ± 0.08
12.23 ± 0.10
12.72 ± 0.19
12.50 ± 0.25
12.83 ± 0.23
12.70 ± 0.10
12.23 ± 0.09
12.21 ± 0.15
12.55 ± 0.25
12.48 ± 0.12
12.44 ± 0.22
12.31 ± 0.15
12.17 ± 0.15
12.64 ± 0.19
12.31 ± 0.07
12.27 ± 0.15
12.25 ± 0.15
12.39 ± 0.19
12.70 ± 0.08
nda

eLFe
nM
2015
1.95 ± 0.35
1.99 ± 0.46
1.52 ± 0.35
1.85 ± 0.43
0.73 ± 0.20
0.48 ± 0.14
0.72 ± 0.08
1.16 ± 0.15
1.37 ± 0.12
1.21 ± 0.16
1.23 ± 0.11
0.91 ± 0.14
1.01 ± 0.16
1.84 ± 0.19
0.78 ± 0.11
1.46 ± 0.09
1.36 ± 0.16
1.19 ± 0.20
1.26 ± 0.12
0.62 ± 0.08
nda

log [Fe']
M
2015
-12.48
-12.60
-12.30
-12.81
-12.56
-12.90
-12.79
-12.44
-12.54
-12.79
-12.75
-12.65
-12.52
-12.49
-12.77
-12.58
-12.57
-12.50
-12.65
-12.84
nda

log α ʹFeL,Feʹ
2015
3.68
3.81
3.41
3.99
3.36
3.51
3.56
3.29
3.34
3.63
3.58
3.40
3.31
3.43
3.53
3.48
3.40
3.32
3.49
3.49
nda

LCu
nM
2015
φ
19.36 ± 1.17
16.27 ± 0.85
16.57 ± 1.16
8.56 ± 0.51
3.04 ± 0.29
3.30 ± 0.40
3.30 ± 0.31
1.79 ± 0.35
1.10 ± 0.19
1.59 ± 0.17
0.99 ± 0.13
2.00 ± 0.22
1.69 ± 0.26
1.44 ± 0.15
1.69 ± 0.24
1.62 ± 0.19
1.14 ± 0.14
1.53 ± 0.13
2.34 ± 0.18
nda

cond
log KCuL,Cu
2+
-1

M
2015
φ
12.95 ± 0.16
13.10 ± 0.09
12.88 ± 0.11
13.57 ± 0.12
14.06 ± 0.74
13.64 ± 0.34
13.54 ± 0.18
13.24 ± 0.23
14.08 ± 0.85
13.85 ± 0.42
13.86 ± 0.42
13.55 ± 0.24
13.55 ± 0.27
14.05 ± 0.39
13.84 ± 0.35
14.19 ± 0.68
14.22 ± 0.57
14.22 ± 0.93
14.05 ± 0.28
nda

eLCu
nM
2015
φ
14.56 ± 0.85
12.8 ± 0.62
12.94 ± 0.82
5.84 ± 0.38
1.11 ± 0.21
1.98 ± 0.29
1.80 ± 0.23
0.58 ± 0.25
-0.04 ± 0.13
0.14 ± 0.15
-0.28 ± 0.10
0.74 ± 0.16
0.38 ± 0.19
-0.07 ± 0.13
0.17 ± 0.18
0.13 ± 0.13
-0.13 ± 0.12
0.28 ± 0.09
0.15 ± 0.21
nda

log [Cu2+]
M
2015
φ
-13.43
-13.66
-13.43
-13.90
-13.82
-13.81
-13.62
-12.93
-12.22
-12.88
-11.47
-13.32
-13.02
-12.02
-12.92
-13.14
-11.80
-13.56
-12.91
nda

ʹ
log αCuL,Cu
2+
2015
φ
5.11
5.20
4.99
5.34
5.10
4.93
4.80
4.00
Ψ
4.00
Ψ
4.41
4.13
Ψ
4.07
4.29
Ψ
4.66
4.22
nda

Fe HS-like
µgL-1
2015
497 ± 21
348 ± 10
152 ± 6
111 ± 4
73.3 ± 3.6
33.0 ± 2.7
35.0 ± 1.4
53.4 ± 3.1
18.8 ± 0.9
11.2 ± 0.9
10.9 ± 0.8
7.3 ± 0.9
16.6 ± 1.8
15.2 ± 1.5
17.3 ± 1.2
28 ± 5
9.9 ± 0.8
18.8 ± 1.4
10.0 ± 1.2
11.8 ± 1.2
nda
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Table C5 continued
Latitude
°N
2018
26.86
27.09
27.62
27.36
27.59
27.57
27.21
27.54
28.19
27.95
27.73
28.09
27.33
27.46
27.24
27.88
27.14
27.03
27.60
27.28
26.94
26.88
26.73
26.67

Longitude
°E
2018
-82.35
-82.50
-82.65
-82.68
-82.70
-82.75
-82.79
-82.79
-82.91
-82.92
-82.92
-83.04
-83.09
-83.10
-83.23
-83.29
-83.37
-83.52
-83.63
-83.66
-83.67
-83.75
-83.93
-84.17

LFe
nM
2018
8.84 ± 0.18
7.66 ± 0.25
12.56 ± 0.38
§
11.17 ± 0.5
9.92 ± 0.32
4.50 ± 0.34
§
9.22 ± 0.25
7.89 ± 0.24
7.95 ± 0.22
7.01 ± 0.18
2.12 ± 0.20
2.04 ± 0.31
2.38 ± 0.95
2.48 ± 0.25
2.32 ± 0.28
2.00 ± 0.25
1.95 ± 0.19
3.10 ± 0.30
3.43 ± 0.50
2.10 ± 0.35
2.33 ± 0.20
3.66 ± 0.33

log K cond
FeL,Feʹ
-1

M
2018
12.71 ± 0.19
12.47 ± 0.22
12.34 ± 0.11
§
12 ± 0.15
12.29 ± 0.15
12.2 ± 0.18
§
12.73 ± 0.23
12.63 ± 0.16
12.66 ± 0.14
12.93 ± 0.16
11.93 ± 0.14
11.86 ± 0.24
11.1 0 ± 0.33
11.80 ± 0.11
11.73 ± 0.15
11.60 ± 0.14
11.9 0± 0.11
11.74 ± 0.15
11.66 ± 0.18
11.59 ± 0.17
11.91 ± 0.10
11.75 ± 0.08

eLFe
nM
2018
0.42 ± 0.47
1.21 ± 0.39
2.44 ± 0.61
§
2.36 ± 0.59
1.21 ± 0.52
1.64 ± 0.28
§
0.6 ± 0.5
1.56 ± 0.38
1.44 ± 0.38
0.96 ± 0.35
1.79 ± 0.14
1.57 ± 0.21
2.12 ± 0.66
1.84 ± 0.17
2.12 ± 0.19
1.85 ± 0.17
1.78 ± 0.13
2.91 ± 0.20
3.18 ± 0.34
1.97 ± 0.24
1.93 ± 0.14
3.04 ± 0.23

log [Fe']
M
2018
-12.73
-12.55
-12.43
§
-12.10
-12.35
-12.41
§
-12.76
-12.73
-12.75
-12.99
-12.79
-12.53
-12.15
-12.42
-12.92
-12.86
-13.08
-13.17
-12.97
-13.00
-12.73
-12.57

log α ʹFeL,Feʹ
2018
3.35
3.57
3.74
§
3.38
3.39
3.43
§
3.52
3.83
3.83
3.92
3.19
3.06
2.44
3.08
3.07
2.88
3.16
3.21
3.18
2.90
3.21
3.24

LCu
nM
2018
13.06 ± 1.37
18.35 ± 1.57
22.83 ± 1.94
16.75 ± 1.17
19.64 ± 1.96
17.45 ± 1.58
3.66 ± 0.26
16.45 ± 1.07
14.06 ± 1.41
13.36 ± 0.67
12.66 ± 1.27
11.97 ± 1.20
2.18 ± 0.13
2.40 ± 0.23
2.18 ± 0.30
3.73 ± 0.32
1.66 ± 0.09
1.82 ± 0.16
2.13 ± 0.27
6.13 ± 0.68
1.69 ± 0.22
2.57 ± 0.34
1.92 ± 0.37
2.12 ± 0.23

log K cond 2+
CuL,Cu
-1

M
2018
12.99 ± 0.23
12.61 ± 0.09
13.20 ± 0.30
13.04 ± 0.14
12.85 ± 0.16
12.91 ± 0.10
14.10 ± 0.39
13.01 ± 0.09
13.05 ± 0.12
13.00 ± 0.07
13.11 ± 0.20
13.20 ± 0.13
14.47 ± 0.62
14.32 ± 0.43
13.72 ± 0.24
13.40 ± 0.12
14.37 ± 0.25
14.37 ± 0.43
13.95 ± 0.31
13.60 ± 0.34
13.92 ± 0.45
13.87 ± 0.31
13.31 ± 0.33
13.59 ± 0.16

eLCu
nM
2018
9.58 ± 0.98
14.71 ± 1.11
16.90 ± 1.39
13.34 ± 0.86
14.91 ± 1.42
13.69 ± 1.12
1.55 ± 0.18
12.92 ± 0.77
10.68 ± 0.99
9.74 ± 0.53
9.33 ± 0.90
9.21 ± 0.86
0.70 ± 0.09
0.74 ± 0.17
0.69 ± 0.21
2.11 ± 0.23
0.25 ± 0.08
0.41 ± 0.12
0.68 ± 0.19
3.94 ± 0.51
0.38 ± 0.16
1.26 ± 0.24
0.76 ± 0.27
0.88 ± 0.17

log [Cu2+]
M
2018
-13.43
-13.22
-13.65
-13.63
-13.35
-13.47
-13.97
-13.58
-13.55
-13.43
-13.56
-13.72
-14.15
-13.97
-13.39
-13.52
-13.62
-13.84
-13.63
-13.85
-13.39
-13.85
-13.12
-13.44

log α ʹ

CuL,Cu 2+

2018
4.97
4.78
5.43
5.17
5.02
5.05
5.29
5.13
5.08
4.99
5.08
5.16
5.32
5.19
4.56
4.73
4.76
4.99
4.79
5.19
4.50
4.97
4.19
4.53

§: Ligands were saturated with Fe; speciation could not be quantified with CLE-AdCSV method.
φ: Analytical window was not high enough to quantify (i.e. added ligand concentration was not high enough to outcompete natural
ligands)
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Fe HS-like
µgL-1
2018
138 ± 6
154 ± 7
290 ± 11
116 ± 4
200 ± 13
126 ± 5
26.5 ± 0.7
101 ± 2.9
130 ± 7
105 ± 7
56.1 ± 5.1
53.5 ± 3.4
40.5 ± 4.6
27.3 ± 2.5
16.0 ± 1.0
35.6 ± 2.6
25.2 ± 1.7
19.5 ± 1.3
22.0 ± 1.0
25.4 ± 1.7
15.9 ± 1.3
19.3 ± 1.8
14.8 ± 0.6
17.8 ± 1.7

Table C6. Metal vs. Salinity regression slopes for June 2015, February/March 2018, and combined
cruises. The slope and error for each parameter is presented separately for each of the two cruises
as well as for the combined datasets. The combined dataset results are presented graphically in
Figure 6 of the main text.
Metal
June 2015
R2 Feb-Mar 2018
R2
Combined
R2
Fe (nM)
-1.57 ± 0.28 0.63 -4.07 ± 0.24
0.93 -2.29 ± 0.26
0.66
Cu (nM)
-0.91 ± 0.08 0.87 -1.30 ± 0.09
0.90 -0.99 ± 0.07
0.84
Mn (nM)
-1.83 ± 0.59 0.33 -7.74 ± 0.59
0.89 -3.70 ± 0.56
0.50
Zn (nM)
-0.33 ± 0.05 0.69 -0.78 ± 0.12
0.64 -0.47 ± 0.06
0.55
Co (nM)
-83.4 ± 7.2 0.88
-105 ± 4.8
0.96
-83.8 ± 5.3
0.86
Ni (nM)
-0.50 ± 0.05 0.83 -0.73 ± 0.05
0.92 -0.51 ± 0.05
0.74
Cd (nM)
-27.5 ± 4.2 0.74
-52.9 ± 2.6
0.95
-36.4 ± 3.0
0.79
Pb (nM)
-1.67 ± 0.54 0.33 -6.36 ± 1.30
0.52 -3.14 ± 0.67
0.34
-1
Fe HS-like L (µg L ) -90.4 ± 4.3 0.96
-66.9 ± 7.4
0.79
-72.8 ± 5.7
0.80
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Appendix D: Supplementary Information for Chapter III
Contents of this Appendix
Text D1, Text D2
Figures D1–D5
Tables D1–D12
Introduction
A brief description of the statistical method used to fit mathematical models through
the incubation data is provided in Text D1, and the annotated Python code used to generate these
models is presented in Text D2. An example output of the Python package is presented in Figure
D1, and an example of the various fits through a dataset is presented in Figure D2. A plot of the
Fe particulate aggregation rates derived from these model outputs are compared to the dissolved
and total dissolvable Fe concentrations from each incubation in Figure D3. Figure D4 shows the
application of the best-fit model outputs from the TAG incubation on two hydrothermal plumes
characterized from the GEOTRACES program. Figure D5 shows representative scans of the
reverse titration peaks from two of the near-field incubations that highlight transient electroactive
peaks. Table D1 reports reference material values quantified through the dilution and seaFAST
preconcentration methods. Tables D2–D5 report the dissolved and soluble metal concentrations
and Fe speciation measurements for each incubation. Table D6 is a summary table of Fe
aggregation rates derived from this study compared with rates reported in the literature. Table D7
is a summary table of the rate constants derived from the dissolved Fe data in each incubation
compared with rates for relevant processes of hydrothermal plumes reported in the literature. Table
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D8 is a summary table of the particulate Fe mobilization rates from the Rainbow far-field
incubation compared with rates reported from the surface ocean. Table D9–D12 are summary
tables of various models fit to the dissolved and particulate Fe measurements of each incubation.
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Text D1
Details on Statistical analysis to model incubation data
The incubation data presented in Chapter III allows for the calculation of various
process rates occurring within the hydrothermal plumes observed in the study. In order the provide
context to the relationships observed in each incubation a Python package was written to evaluate
the best mathematical model candidate from are series of models (linear, exponential, etc.). The
script uses the open source Python package emcee, an affine-invariant ensemble sampler for
Markov chain Monte Carlo (MCMC) proposed by Goodman and Weare (2010) to establish the
values of maximum probability and the associated error of these values from their probability
(“posterior”) distributions (Foreman-Mackey et al., 2013).
The quantitative evaluation of a models fit to observations is based it’s ! ! , calculated
as:
(&" − &# )!
!! = $
!
&$%%
Where &" is the value predicted by the model and &# is the value observed in the data, with &$%%
represents the uncertainty of the observed data. The way ! ! is minimized results in data points
with low errors lending more weight in the best-fit model. In some cases, a single data point with
very low error would cast significant influence on the models fit to the data set. Since the objective
of this exercise is to determine the relationship between points, in these cases the average relative
standard deviation from all data points in the series was applied to each point to give them
relatively equal weight against the others.
The ! ! can then be used with information about the models themselves to
quantitatively evaluate the best model candidate using the Bayesian information criterion (BIC),
where:
)*+ = ! ! + -ln(.)
Where k represents the number of parameters being fit by the model and n is the number of data
points the model is fitting. The BIC acts as a quantitative criterion for model selection among a set
of model candidates, with the lowest BIC value being preferred. Within this framework, a
difference of BIC (DBIC) of less than 2 is not considered significant and would favor a model that
describes that data with the fewest model parameters (k) as a quantitative form of Ockham’s razor.
Models with a DBIC between 2–6 is considered a positive difference, 6–10 a strong difference,
and >10 a very strong difference (Liddle 2007). While the strength of the BIC may be limited in
these incubations due to the small sample sizes, it should be sufficient to distinguish between the
various simple models being fit to the data. The models that best fit to the data will serve as a guide
to interpreting the chemical processes observed in these experiments.
References
Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. (2013). emcee: the MCMC hammer. Publications of the
Astronomical Society of the Pacific, 125(925), 306.
Goodman, J., & Weare, J. (2010). Ensemble samplers with affine invariance. Communications in applied mathematics and
computational science, 5(1), 65-80.
Liddle, A. R. (2007). Information criteria for astrophysical model selection. Monthly Notices of the Royal Astronomical
Society: Letters, 377(1), L74-L78.
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Text D2.
The following 7 pages is the Python code used to conduct the statistical analysis for model
selection presented in Figures D1, Figure D2, and Tables D9–D12. Throughout the code in blue
are annotations to describe what each segment is doing. Further documentation and tutorials using
the emcee Python package can be found online at: https://emcee.readthedocs.io/.
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Figure D1. An example output of the Python emcee package used to evaluate several model
candidates for dissolved Fe measurements in the unfiltered treatment at TAG. Each subplot
represents the output for one of six basic model tests: Constant (a), Line (b), Exponential (c),
Summed Exponential (d), Line–Exponential (e), and Line Exponential Constant (f). The state of
the walkers in the Markov chain Monte Carlo (MCMC) are represented in the left or top plot, with
the number of steps on the x-axis. The posterior distributions of each model parameter are
represented in the corner plots to the right or bottom of each subplot. The blue lines indicate the
maximum probability of each parameter established from the MCMC run, and the numbers printed
above represent the 50th percentile of each distribution with the 16th and 84th percentiles
representing the one-sigma uncertainty of each parameter value.
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Figure D1. An example output of the Python emcee package used to evaluate several model
candidates for dissolved Fe measurements in the unfiltered treatment at TAG. This subplot
represents the output for one of six basic model tests: Summed Exponential (d).
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Figure D1. An example output of the Python emcee package used to evaluate several model
candidates for dissolved Fe measurements in the unfiltered treatment at TAG. This subplot
represents the output for one of six basic model tests: Line–Exponential (e).
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Figure D1. An example output of the Python emcee package used to evaluate several model
candidates for dissolved Fe measurements in the unfiltered treatment at TAG. This subplot
represents the output for one of six basic model tests: Line–Exponential–Constant (f).
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Figure D2. Dissolved Fe data from the TAG unfiltered treatment fit with six different model
candidates. The best fit parameters determined via Markov chain Monte Carlo (MCMC) analysis
of the models Constant (a), Line (b), Exponential (c), Summed Exponential (d), Line–Exponential
(e), and Line–Exponential–Constant (f) are plotted through the data in each subplot, with the
mathematical expression and best fit values displayed. The dark blue line represents the fit from
the 50th percentile of the posterior distributions for each model parameter, and the light blue lines
represent 100 random samples in the distribution to indicate the uncertainty of the model across
the data set. The red line is a minimization of the c2 using the numpy function optimize.minimize()
as a simple comparison. The highlighted model(s) indicate the those with the lowest BIC value
(and those within 2 units of the lowest).

156

Figure D3. Particulate Fe aggregation rates (k1) derived from the “Inverse Exponential Constant”
model applied to each incubations data plotted as a function of the incubations Fe concentrations.
The aggregations rates (blue circles) of TAG unfiltered, TAG filtered, Rainbow near-field filtered,
and Lucky Strike are plotted against the initial dissolved Fe concentration observed in the
incubation (a) and the average total dissolvable Fe concentration of each incubation (b). The
Rainbow near-field unfiltered treatment was excluded from this analysis due to the “Constant”
model representing the best description of the data set, indicating particulate Fe did not change
sufficiently to accurately quantify an aggregation rate. The blue line represents a linear fit through
the data set with the R2 value reported in each subplot. Grey circles represent aggregation rates
reported by Massoth et al. (1998) from the North Gorda Ridge in the east Pacific as a comparison
but are not included in the linear fit.
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Figure D4. A comparison of the modeled data from the TAG unfiltered incubation describing
dissolved Fe (dFe) concentrations over time was applied to two plumes characterized from the
GEOTRACES program. Plotted is the dissolved Fe concentrations (black circles) and light
transmission (grey line) from the hydrothermal plumes sampled at TAG (a) during the GA03
section and the East Pacific Rise (b) during GP16. Estimated ages based on Radium isotopes have
been reported for each of these plumes in Kipp et al. (2018). The age ranges for each plume were
used as the x input to the summed exponential equation derived from the TAG unfiltered dFe data
(reported in Table D9 and Figure D2d) and predicted dFe range of the model is presented as the
blue highlighted region in each figure.
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Figure D5 Example scans of incubation samples using the reverse titration method. Two samples
from each of the near-field incubations conducted at Rainbow (a, c) and TAG (b, d) are displayed
with scans from the titration at the lowest added ligand concentration (0.5 µM, blue line) and the
highest added ligand concentration (40 µM, red line). The black dashed line indicates the potential
range the Fe-added ligand complex (Fe(NN3)) is observed, with additional peaks representing
other electroactive species present in the sample in various stages of the incubations.
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Table D1. Table of blanks, limit of detection (LoD), and reference material values measured using
seaFAST-pico preconcentration system and dilution methods and the respective consensus value
for each metal. SaFe D2 and NASS-7 were used to evaluate the accuracy of the seaFAST-pico
system and CASS-6 was used to evaluate the dilution method
Metal (nM)
Method
V
Mn
Fe
Blank*
57
2
73
LoD*(n=6)
73
1.9
50
seaFAST
SaFe D2 (n=8)
33.96 ± 0.74
0.42 ± 0.05
0.991 ± 0.042
Consensus
0.36 ± 0.05
0.956 ± 0.024
NASS-7 (n=9)
25.42 ± 1.04
13.79 ± 0.52
6.22 ± 0.18
Consensus
25.52 ± 1.57
13.65 ± 0.38
6.18 ± 0.27
Blank
0.81
0.03
0.35
Dilution
LoD (n=6)
1.13
0.04
0.09
CASS-6 (n=24)
11.68 ± 1.21
38.23 ± 2.44
29.11 ± 4.17
Consensus
9.8 ± 2.35
40.4 ± 2.18
27.86 ± 2.14
-1
*Concentrations reported in pmol L
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Table D2. Dissolved (“d”), soluble (“s”), and total dissolvable (“TD”) metal concentrations and speciation measured over the Rainbow
near-field incubation study. Each time point of the unfiltered and filtered treatments is presented as the average ± standard deviation
determined from replicate measurements or ± average relative standard deviation of all replicates measured. Percent colloidal (“c”)
fractions represent (([dissolved M]-[soluble M])/ [dissolved M]) x 100. Ligand concentrations and conditional stability constants are
presented with the included error given from the R model or ProMCC titration fitting results. ‘nda’ indicates ‘no data available’, no
samples were collected or lost. ‘nd’ indicates now natural ligands were detected in that sample using the CLE-AdCSV forward titration
method.
Treatment
Timepoint (day)
dFe (nM)
sFe (nM)
Colloidal %
TDFe (nM)
dMn (nM)
sMn (nM)
TDMn (nM)
dV (nM)
sV (nM)
TDV (nM)
dL (nM)
logKcond
FeL,Fe'
Labile dFe (nM)
sL (nM)
logKcond
FeL,Fe'
Labile sFe (nM)

unfiltered
0.1
361.3 ± 0.5
70.9 ± 4.6
80.4 ± 1.3
nda
473 ± 9
482 ± 8
nda
14.69 ± 0.51
14.70 ± 0.01
nda
64.4 ± 1.4
11.82 ± 0.20
74.5 ± 1.4
5.37 ± 0.53

unfiltered
0.2
398.5 ± 22.6
§
NA
5217 ± 128
472 ± 17
475 ± 17
456 ± 13
14.16 ± 1.84
16.95 ± 2.11
29.17 ± 3.64
50.6 ± 0.9
11.92 ± 0.16
60.5 ± 2.2
§

unfiltered
0.4
236.3 ± 8.9
95.9 ± 4.1
59.4 ± 4.2
5067 ± 170
481 ± 9
487 ± 12
455 ± 22
14.88 ± 0.21
13.75 ± 1.01
30.26 ± 2.65
60.0 ± 1.7
10.97 ± 0.19
72.0 ± 2.3
2.85 ± 0.98

unfiltered
0.6
226.9 ± 10
196.8 ± 10.1
13.3 ± 5.3
5125 ± 207
476 ± 8
480 ± 15
458 ± 14
14.91 ± 2.07
14.59 ± 0.63
28.97 ± 1.18
52.0 ± 1.3
11.74 ± 0.21
61.0 ± 2.2
14.88 ± 0.89

unfiltered
1.1
415.8 ± 3.1
29.7 ± 3.8
92.8 ± 1.3
5110 ± 132
473 ± 3
484 ± 24
459 ± 14
13.4 ± 0.8
12.98 ± 0.23
28.89 ± 0.92
74.1 ± 3.9
10.61 ± 0.34
82.5 ± 1.6
7.53 ± 0.45

unfiltered
2.1
197.2 ± 21.7
14.7 ± 1.1
92.6 ± 11
4930 ± 377
482 ± 10
487 ± 5
468 ± 10
13.13 ± 0.39
11.53 ± 0.01
nda
32.8 ± 0.4
12.18 ± 0.12
37.6 ± 1.1
5.23 ± 0.16

unfiltered
3.3
136.6 ± 8.7
11.7 ± 1.1
91.5 ± 6.4
nda
466 ± 16
484 ± 9
nda
11.12 ± 0.64
13.08 ± 0.17
nda
39.4 ± 0.8
12.12 ± 0.19
45.2 ± 1.6
4.88 ± 1.19

unfiltered
5.6
241.3 ± 6.1
nda
NA
nda
486 ± 17
nda
nda
11.49 ± 0.4
nda
nda
29.2 ± 0.6
12.20 ± 0.18
39.0 ± 1.2
nda

unfiltered
7.3
nda
5.75 ± 0.36
NA
nda
nda
496 ± 15
nda
nda
12.44 ± 1.61
nda
37.2 ± 0.5
12.12 ± 0.12
41.2 ± 0.7
8.57 ± 0.49

10.24 ± 0.53
10.6 ± 0.4

§
§

10.04 ± 1.57
9.7 ± 0.3

10.16 ± 0.35
21.5 ± 1.4

10.80 ± 0.40
13.0 ± 0.1

11.82 ± 0.28
8.0 ± 0.7

11.78 ± 0.21
6.6 ± 0.3

nda
nda

12.10 ± 0.15
na
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Table D2 continued
Treatment
Timepoint (day)
dFe (nM)
sFe (nM)
Colloidal %
TDFe (nM)
dMn (nM)
sMn (nM)
TDMn (nM)
dV (nM)
sV (nM)
TDV (nM)
dL (nM)
logKcond
FeL,Fe'
Labile dFe (nM)
sL (nM)
logKcond
FeL,Fe'
Labile sFe (nM)

filtered
0.1
311.5 ± 6.1
94.1 ± 5.9
69.8 ± 2.7
nda
494.2 ± 6.7
504 ± 13
nda
15.08 ± 1.6
16.14 ± 0.08
nda
45.8 ± 0.8
11.90 ± 0.15
52.0 ± 2.6
3.57 ± 0.40

filtered
0.2
252.1 ± 3.5
4.68 ± 0.03
98.1 ± 1.4
363.3 ± 17.3
511.8 ± 8.9
495 ± 23
473 ± 15
14.12 ± 1.94
14.32 ± 0.15
14.87 ± 1.61
47.3 ± 0.5
11.98 ± 0.09
54.0 ± 2.6
1.13 ± 0.16

filtered
0.4
226.8 ± 10.9
62.9 ± 6.2
72.3 ± 5.5
357.8 ± 8.9
501.1 ± 15.8
507 ± 28
488 ± 26
15.46 ± 0.41
15.54 ± 0.07
15.13 ± 0.66
52.0 ± 1.3
11.74 ± 0.21
61.0 ± 0.4
6.10 ± 0.17

filtered
0.6
250.9 ± 5.7
5.12 ± 0.48
98 ± 2.3
365 ± 19.3
506.8 ± 15.4
512 ± 14
486 ± 15
15.12 ± 0.19
15.52 ± 0.51
14.37 ± 1.74
45.7 ± 0.7
11.96 ± 0.15
51.5 ± 1.4
2.98 ± 0.21

filtered
1.1
105.9 ± 5.7
63.3 ± 6.4
40.2 ± 8.1
352.4 ± 7.9
503.5 ± 11.6
510 ± 17
489 ± 18
16.43 ± 2.16
15.7 ± 0.51
13.98 ± 0.68
51.4 ± 1.0
11.84 ± 0.17
58.5 ± 4.8
6.38 ± 0.21

filtered
2.1
40.5 ± 9
4.13 ± 0.09
89.8 ± 22
340.1 ± 20.3
511.5 ± 15.4
507 ± 19
475 ± 8
14.52 ± 0.97
14.68 ± 0.82
13.89 ± 0.46
nda
nda
nda
9.27 ± 0.13

filtered
3.3
83.8 ± 3.6
2.54 ± 0.86
97 ± 4.5
nda
501 ± 27
510 ± 16
nda
13.46 ± 0.57
14.72 ± 0.25
nda
34.7 ± 1.2
11.90 ± 0.28
39.8 ± 1.7
5.64 ± 0.35

filtered
5.6
94.7 ± 4.3
nda
NA
147.1 ± 8.9
505.6 ± 9.9
nda
491 ± 15
13.82 ± 0.46
nda
13.42 ± 0.87
28.4 ± 0.4
12.30 ± 0.13
32.7 ± 0.6
nda

filtered
7.3
nda
1.91 ± 0.12
NA
nda
nda
515 ± 5
nda
nda
15.37 ± 0.04
nda
34.1 ± 0.6
12.22 ± 0.16
35.6 ± 1.0
6.12 ± 0.11

10.12 ± 0.55
6.64 ± 0.19

10.28 ± 0.63
3.01 ± 0.04

11.58 ± 0.24
9.89 ± 0.59

11.46 ± 0.56
4.92 ± 0.38

11.70 ± 0.29
10.7 ± 0.25

11.69 ± 0.32
na

12.04 ± 0.14
na

nda
na

11.51 ± 0.29
na

§ represents a sample that was identified as contaminated and have been removed.
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Table D3. Dissolved (“d”), soluble (“s”), and total dissolvable (“TD”) metal concentrations and speciation measured over the TAG
near-field incubation study. Each time point of the unfiltered and filtered treatments is presented as the average ± standard deviation
determined from replicate measurements or ± average relative standard deviation of all replicates measured. Percent colloidal (“c”)
fractions represent (([dissolved M]-[soluble M])/ [dissolved M]) x 100. Ligand concentrations and conditional stability constants are
presented with the included error given from the R model or ProMCC titration fitting results. ‘nda’ indicates ‘no data available’, no
samples were collected. ‘nd’ indicates now natural ligands were detected in that sample using the CLE-AdCSV forward titration method.
Treatment
Timepoint (d)
dFe (nM)
sFe (nM)
Colloidal %
TDFe (nM)
dMn (nM)
sMn (nM)
TDMn (nM)
dV (nM)
sV (nM)
TDV (nM)
dL (nM)
logKcond
FeL,Fe'
Labile dFe (nM)
sL (nM)
logKcond
FeL,Fe'
Labile sFe (nM)

unfiltered
0.06
187.8 ± 2.3
61.5 ± 8.2
67.3 ± 9
211.1 ± 9.3
38.5 ± 1.4
37.9 ± 0.6
37.1 ± 1.17
31.2 ± 1.5
29.4 ± 0.6
32.3 ± 1
nda

unfiltered
0.17
179.1 ± 7.8
52.9 ± 9.5
70.5 ± 13.1
nda
37.7 ± 1.6
37.7 ± 0.4
nda
32.5 ± 0.2
32.3 ± 1.7
nda
nda

unfiltered
0.31
148.5 ± 11.8
46.6 ± 3.7
68.6 ± 7.7
nda
40.3 ± 3.9
37.8 ± 1.6
nda
30.9 ± 2.7
33.6 ± 0.3
nda
18.4 ± 1.1

unfiltered
0.55
124.8 ± 3
44.2 ± 6.8
64.6 ± 10
nda
35.8 ± 2.3
37.1 ± 2.0
nda
29.2 ± 0.8
29.4 ± 2.3
nda
18.6 ± 1.4

unfiltered
1.05
139.1 ± 9.6
3.84 ± 0.13
97.2 ± 7.5
nda
36.1 ± 1.2
39.5 ± 1.6
nda
32.1 ± 1.1
29.2 ± 2.6
nda
18.0 ± 0.7

unfiltered
2.05
72.4 ± 6.8
18.6 ± 0.3
74.3 ± 7
nda
35.6 ± 1.6
37.8 ± 1.1
nda
29.6 ± 0.2
32.6 ± 2.4
nda
13.0 ± 0.7

unfiltered
3.09
87.9 ± 9.5
24.5 ± 3.2
72.1 ± 12.2
nda
38 ± 1.6
37.8 ± 1.5
nda
31.6 ± 1
31.6 ± 0.2
nda
10.2 ± 0.3

unfiltered
5.17
74.9 ± 7.3
16.7 ± 1.7
77.7 ± 10.9
nda
35.9 ± 2.2
39.6 ± 0.9
nda
31.7 ± 1.8
31.3 ± 1.3
nda
9.3 ± 0.3

unfiltered
6.13
61 ± 2.6
14.2 ± 0.7
76.8 ± 5
174 ± 2.1
36.5 ± 1.3
37.8 ± 2.5
38.03 ± 1.43
30.3 ± 0.6
33.2 ± 3.0
32.3 ± 2
6.6 ± 0.4

nda
nda
nda
nda
nda

nda
nda
8.27 ± 0.76
10.04 ± 0.49
13.8 ± 1.4

10.24 ± 0.36
29.2 ± 0.8
11.18 ± 0.53
10.59 ± 0.31
16.9 ± 1.8

10.10 ± 0.46
29.2 ± 1.5
8.64 ± 0.68
10.92 ± 0.59
17.5 ± 0.8

10.21 ± 0.24
26.5 ± 2.2
4.48 ± 0.27
12.46 ± 0.28
na

11.74 ± 0.55
25.2 ± 1.7
5.03 ± 0.12
11.82 ± 0.22
7.4 ± 0.4

11.60 ± 0.26
17.8 ± 0.6
4.17 ± 0.21
11.28 ± 0.35
7.0 ± 0.2

10.37 ± 0.16
13.1 ± 1.5
6.31 ± 0.28
11.04 ± 0.30
8.1 ± 0.04

11.06 ± 0.46
11.2 ± 0.6
7.69 ± 0.09
11.43 ± 0.10
9.7 ± 0.4
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Table D3 continued
Treatment
Timepoint (d)
dFe (nM)
sFe (nM)
Colloidal %
TDFe (nM)
dMn (nM)
sMn (nM)
TDMn (nM)
dV (nM)
sV (nM)
TDV (nM)
dL (nM)
logKcond
FeL,Fe'
Labile dFe (nM)
sL (nM)
logKcond
FeL,Fe'
Labile sFe (nM)

filtered
0.06
82.4 ± 0.6
19.13 ± 2.33
76.8 ± 9.4
86.3 ± 2.7
31.8 ± 0.3
31.8 ± 2.2
30.37 ± 1.17
34.7 ± 0.6
35.6 ± 0.04
31.9 ± 0.5
5.97 ± 0.25

filtered
0.17
74.2 ± 0.4
12.25 ± 0.68
83.5 ± 4.7
nda
32 ± 1
30.8 ± 0.9
nda
33.3 ± 1.2
36.0 ± 0.7
nda
7.65 ± 1.72

filtered
0.31
79.5 ± 7.9
7.41 ± 0.13
90.7 ± 9.2
nda
31.6 ± 1.4
32.1 ± 1.4
nda
33.1 ± 0.02
34.6 ± 0.1
nda
10.81 ± 0.63

filtered
0.55
74.7 ± 2.4
6.76 ± 0.18
91 ± 3.8
nda
30.8 ± 2.2
31.0 ± 0.9
nda
34 ± 0.7
33.6 ± 0.2
nda
9.00 ± 0.84

filtered
1.05
68.9 ± 7.6
12.3 ± 1.22
82.1 ± 12.2
nda
32.1 ± 0.8
31.2 ± 1.7
nda
30.8 ± 0.2
34.1 ± 0.3
nda
11.80 ± 0.40

filtered
2.05
29.6 ± 3.8
14.25 ± 0.89
51.9 ± 7.5
nda
31.5 ± 1.5
31.8 ± 0.9
nda
33.2 ± 0.5
35.0 ± 1.1
nda
6.95 ± 0.25

filtered
3.09
60.1 ± 5.4
10.84 ± 1.23
82 ± 11.9
nda
30.9 ± 1.9
30.4 ± 1.0
nda
35.3 ± 2.6
32.8 ± 0.2
nda
9.68 ± 0.15

filtered
5.17
34.7 ± 8.6
1.44 ± 0.09
95.9 ± 24.4
nda
31.5 ± 1.8
32.4 ± 1.6
nda
34.4 ± 1.5
34.9 ± 0.1
nda
8.46 ± 0.29

filtered
6.13
13.6 ± 3.9
6.27 ± 0.69
53.8 ± 16.7
80.1 ± 9.9
30.9 ± 0.6
31.7 ± 2.1
30.82 ± 1.26
34.8 ± 0.4
36.1 ± 0.9
31.5 ± 3.4
7.03 ± 0.39

12.56 ± 0.59
12.4 ± 0.1
nda
nda
nda

10.04 ± 1.18
19.2 ± 0.9
9.9 ± 0.3
11.42 ± 0.29
14.4 ± 1.3

10.96 ± 0.43
18.9 ± 0.9
5.0 ± 0.2
10.7 ± 0.29
6.9 ± 0.3

10.22 ± 0.52
15.5 ± 2.3
7.1 ± 0.3
12.51 ± 0.31
na

10.31 ± 0.20
16.6 ± 0.4
10.2 ± 0.4
11.58 ± 0.35
11.6 ± 0.8

11.10 ± 0.28
15.6 ± 1.1
8.8 ± 0.1
11.39 ± 0.12
10.9 ± 1.7

10.48 ± 0.09
14.2 ± 0.8
6.9 ± 0.2
11.56 ± 0.23
8.5 ± 0.3

10.62 ± 0.22
11.0 ± 0.2
nda
nda
nda

11.50 ± 0.47
10.9 ± 0.7
3.7 ± 0.4
11.46 ± 0.88
6.7 ± 0.2
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Table D4. Dissolved (“d”), soluble (“s”), and total dissolvable (“TD”) metal concentrations and speciation measured over the Rainbow
far-field incubation study. Each time point of the unfiltered treatments is presented as the average ± standard deviation from replicate
measurements or ± average relative standard deviation of all replicates measured. Percent colloidal fractions represent (([dissolved M][soluble M])/ [dissolved M]) x 100. Ligand concentrations and conditional stability constants are presented with the included error given
from the R model or ProMCC titration fitting results. ‘nda’ indicates ‘no data available’, no samples were collected. ‘bd’ indicates
sample appeared saturated in the forward titration CLE-AdCSV method and below detection limits of the reverse titration method.
Timepoint:
0.1
0.5
1
3
7
14
20
(Day)
0.05
0.64
0.98
2.94
6.75
13.63
18.96
dFe (nM)
3.42 ± 0.26
3.04 ± 0.23
2.96 ± 0.23
5.85 ± 0.45
8.52 ± 0.65
6.78 ± 0.52
7.1 ± 0.54
sFe (nM)
0.88 ± 0.04
§
1.37 ± 0.04
1.21 ± 0.04
1.52 ± 0.01
7.95 ± 0.53
5.53 ± 0.04
Colloidal %
74.4 ± 6.5
na
53.6 ± 4.4
79.3 ± 6.5
82.1 ± 6.3
-17.3 ± -1.8
22.1 ± 1.7
TDFe (nM)
30.1 ± 2.3
nda
25.5 ± 1.9
28.9 ± 2.2
nda
nda
17.7 ± 2.6
dMn (nM)
2.53 ± 0.1
2.58 ± 0.1
2.37 ± 0.09
2.48 ± 0.1
2.44 ± 0.09
2.36 ± 0.09
2.47 ± 0.1
sMn (nM)
2.45 ± 0.02
2.51 ± 0.06
2.52 ± 0.09
2.54 ± 0.13
2.38 ± 0.13
2.51 ± 0.08
2.45 ± 0.15
TDMn (nM)
2.46 ± 0.1
nda
2.21 ± 0.09
1.62 ± 0.06
nda
nda
2.28 ± 0.39
dV (nM)
36.3 ± 1.6
36.6 ± 1.6
34.3 ± 1.5
34.5 ± 1.5
35 ± 1.5
33.7 ± 1.5
35.2 ± 1.5
sV (nM)
33.1 ±1.9
34.1 ± 0.5
34.5 ± 0.7
33.1 ± 0.4
32.8 ± 2.0
34.0 ± 0.1
32.9 ± 0.1
TDV (nM)
33 ± 1.4
nda
31.2 ± 1.4
31.2 ± 1.4
nda
nda
32.5 ± 3.2
dL (nM)
1.55 ± 0.12
1.88 ± 0.07
2.90 ± 0.11
5.56 ± 0.22
5.41 ± 0.17
5.66 ± 0.09
5.11 ± 0.09
logKcond
10.52 ± 0.38
11.54 ± 0.27 10.81 ± 0.21 11.54 ± 0.33
11.72 ± 0.27
11.58 ± 0.14 11.72 ± 0.16
FeL,Fe'
Labile dFe (nM)
2.61 ± 0.07
3.39 ± 0.11
3.49 ± 0.07
6.94 ± 0.48
6.66 ± 0.13
6.52 ± 1.22
6.68 ± 0.42
sL (nM)
bd
§
1.64 ± 0.31
2.49 ± 0.37
2.09 ± 0.14
3.09 ± 0.12
2.74 ± 0.09
cond
logKFeL,Fe'
bd
§
11.99 ± 0.18 11.82 ± 0.24
12.59 ± 0.28
11.14 ± 0.24 11.26 ± 0.22
Labile sFe (nM)
na
§
na
na
na
4.28 ± 0.12
4.31 ± 0.04
§ represents a sample that was identified as contaminated from the TDFe phase and has been removed.
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Table D5. Dissolved (“d”), soluble (“s”), and total dissolvable (“TD”) metal concentrations and speciation measured over the Lucky
Strike incubation. Each time point of the unfiltered treatments is presented as the average ± standard deviation determined from replicate
measurements or the average relative standard deviation of all replicates measured. Percent colloidal fractions represent (([dissolved
M]-[soluble M])/ [dissolved M]) x 100. Ligand concentrations and conditional stability constants are presented with the included error
given from the R model or ProMCC titration fitting results. ‘nda’ indicates ‘no data available’, no samples were collected.
Timepoint
0.1
1
1.5
3
7
15
21
(Day)
0.06
1.1
1.8
2.7
6.8
14.8
22.0
dFe (nM)
15.1 ± 1.17
16.71 ± 1.29 12.66 ± 0.98 12.45 ± 0.96
10.43 ± 0.81
12.91 ± 1.00
18.25 ± 1.41
sFe (nM)
4.42 ± 0.05
2.00 ± 0.54
1.69 ± 0.11
2.72 ± 1.86
4.13 ± 0.32
2.78 ± 0.11
4.55 ± 0.32
Colloidal %
70.8 ± 7.7
88.1 ± 8.4
86.7 ± 7.8
78.1 ± 16.9
60.4 ± 8.3
78.5 ± 7.8
75.1 ± 7.9
TDFe (nM)
18.6 ± 1.4
nda
nda
nda
22.5 ± 1.8
19 ± 1.5
20.5 ± 1.6
dMn (nM)
10.37 ± 0.4
10.71 ± 0.41 10.39 ± 0.4 10.62 ± 0.41
10.36 ± 0.4
9.88 ± 0.38
10.93 ± 1.46
sMn (nM)
10.51 ± 0.30 10.83 ± 0.52 10.98 ± 0.71 10.71 ± 0.59
11.52 ± 0.45
10.49 ± 0.33
10.99 ± 0.69
TDMn (nM)
10.51 ± 0.41
nda
nda
nda
10.17 ± 0.39
9.27 ± 0.36
11.16 ± 0.43
dV (nM)
31.6 ± 1.4
32.4 ± 1.4
30.2 ± 1.3
31.9 ± 1.4
30.6 ± 1.3
32.9 ± 1.4
31.5 ± 1
sV (nM)
30.9 ± 0.8
34.3 ± 2.2
32.4 ± 2.5
32.5 ± 1.8
35.6 ± 1.6
32.7 ± 0.5
33.4 ± 3.2
TDV (nM)
32.9 ± 1.4
nda
33.3 ± 1.5
nda
31.5 ± 0.2
29.6 ± 1.3
32.7 ± 1.4
dL (nM)
5.40 ± 0.12
4.89 ± 0.27
4.91 ± 0.03
5.63 ± 0.13
6.26 ± 0.12
7.75 ± 0.26
7.08 ± 0.19
cond
logKFeL,Fe’
11.66 ± 0.19 11.04 ± 0.39 11.02 ± 0.38 11.70 ± 0.17
11.60 ± 0.16
11.56 ± 0.26
11.56 ± 0.23
Labile dFe (nM)
7.59 ± 0.17
7.32 ± 0.58
7.32 ± 0.28
7.34 ± 0.78
7.52 ± 0.42
9.34 ± 0.50
8.30 ± 0.25
sL (nM)
6.00 ± 0.60
3.10 ± 0.20 2.68 ± 0.20 4.30 ± 0.32
6.52 ± 1.11
3.99 ± 0.13
4.74 ± 0.24
cond
logKFeL,Fe’
12.19 ± 0.31 12.11 ± 0.11 12.11 ± 0.18 12.12 ± 0.21
11.42 ± 0.31
11.91 ± 0.08 12.80 ± 0.38
Labile sFe (nM)
na
na
na
na
na
na
na
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Table D6. Summary table of particulate Fe aggregation rates from each incubation. Reported for each incubation is the one-sigma range
of the decay constant (k1) derived from the Inverse Exponential Constant model applied to each incubation’s particulate Fe data,
calculated from the average total dissolvable Fe and dissolved Fe concentrations observed.
Incubation (Treatment)
n
Time (h)
TDFe (nM)
dFe (nM)
%PFe range
k1 (h-1)
RainbowNF (F)
8
175
356
312
12–89
0.040–0.047
RainbowNF (UF)
8
175
5094
361
93–97
1.563–2.318
TAG (F)
9
147
83
82
1–84
0.0051–0.0088
TAG (UF)
9
147
193
188
3–68
0.0274–0.0324
Lucky Strike*
5
162
20
15
20–48
0.0026–0.0056
Massoth et al. (1998)
4–8
38–52
70–540
46–196
na
0.0163–0.0340
*The first 8 days of the Lucky Strike incubation were used to calculate the reported decay constant

167

Table D3.7. Summary table of dissolved Fe decay constants from the summed exponential equations fit for both near-field incubation
studies. Presented is the one-sigma range of the decay constants derived at TAG and Rainbow near-field incubations for the filtered and
unfiltered treatments. Also presented Fe(II) decay constants reported by Field and Sherrell (2000) at three different vent sites Rainbow,
TAG, and Juan de Fuca Ridge (JDFR). Additionally, the range of nanopyrite oxidation decay constants derived from laboratory work
from Gartman and Luther 2014 are presented.
Incubation (Treatment)
k1 (h-1)
k2 (d-1)
TAG (F)
0.833–1.421
0.22–0.26
TAG (UF)
0.075–0.128
0.07–0.11
Rainbow (F)
0.055–0.061
0.001–0.011
Rainbow (UF)
0.056–0.188
0.01–0.06
Field and Sherrell (2000) Rainbow
2.39–2.94
na
Field and Sherrell (2000) TAG
1.53–1.58
na
Field and Sherrell (2000) JDFR
0.096–0.126
na
Gartman and Luther (2014)
na
0.0008–0.19
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Table D8. Particulate Fe mobilization rates and Fe-binding ligand production rates in the Rainbow far-field incubation with rates
observed in the surface ocean reported by Boyd et al. (2010). The table lists the initial particulate Fe (PFe) concentration of each
incubation, the increase observed in dFe and dLFe in each incubation, and the calculated release rate of each measurement over the
incubation.
Incubation
Rainbow far-field*
PFZ (Boyd et al. 2010)
NSAZ (Boyd et al. 2010)

PFe (nM)
22
1.8
3.7

Incubation period (d)
7
12
5

Increase in dFe (nM)
5.1
0.31
0.33

Increase in L (nM)
3.9
1.5
1.6

dFe release rate ( % d-1)
2.5
1.4
1.8

L release rate (nM d-1)
0.56
1.3
0.3

*The first 7 days of the Rainbow far-field incubation were used for reported calculations
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Table D9. Summary tables of model candidates fit to dissolved Fe, dissolved Fe-binding ligands,
and particulate Fe data from the TAG incubations. Each measurement in each treatment was fit
with model candidates: Constant (C), Line (L), Exponential (E), Summed Exponential (SE), Line
Exponential (LE), Line Exponential Constant (LEC), Logarithmic (Log), Inverse Exponential (IE),
Summed Inverse Exponential (SIE), and Inverse Exponential Constant (IEC). For each model
presented is the mathematical equation being fit to the data, the 50th percentile values of each
parameter from their posterior distributions derived from the Markov chain Monte Carlo (MCMC)
analysis with the one-sigma errors derived from the distributions. In the right two columns is the
calculated c2 each fit and the Bayesian Information Criterion (BIC) outlined in Text D.1, with the
model(s) with the lowest BIC bolded.
dFe from TAG Unfiltered
Model
C
L
E
*SE
LE
*LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=1271.4
-1.4
0.5
b=1671.8
-1.8 , m=-18.1-0.5
1.9
$.$&
a=173-1.9 , k=0.20-0.01
$.$'
&'
$.()
a1=105&'
-13 , k1=0.09-0.02 , a2=95-10.5 , k2=2.30-0.49
'.*
$.$+
$.,,
a=192-2.6 , k=0.71-0.05 , m=10.1-0.45
$.+,
&.&$
a=100.5&$.'
-9.0 , k=2.13-0.39 , m=−6.2-1.8 , b=99.4-11

c2
1494
291.0
214
23.7
53.9
23.5

BIC
1496
295.5
219.0
32.4
60.4
32.3

c2
544.3
138.6
105.5
53.7
99.2
58.4

BIC
546.5
143.0
110.0
62.4
105.8
67.2

c2
320.8
68.7
49.5
32.0
34.3
31.8

BIC
322.8
72.6
53.4
39.8
40.1
39.6

c2
463.4
423.2
427.0
427.0
423.2
423.4

BIC
465.6
427.6
431.4
435.8
429.8
432.0

dFe from TAG Filtered

Model
C
L
E
*SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=75.6$..
-0.3
0.6
b=78.2$.,
-0.4 , m=-11.3-0.6
$.$.
a=80.1$.+
-0.5 , k=0.30-0.03
,.$.*
$.$'
a1=29.9&$
-10 , k1=29.2-8.0 , a2=77-0.7 , k2=0.24-0.02
$.(
$.$+
$.)
a=81.1-0.7 , k=0.42-0.05 , m=2.3-0.9
*.+
$.*
$.*
a=32.1&...
-11.6 , k=27.1-9.9 , m=−10.2-0.6 , b=75.6-0.8

dL from TAG Unfiltered

Model
C
L
E
SE
*LE
LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=10.2$.'
-0.2
0.1
b=16.6$.,
-0.4 , m=-1.6-0.1
$.$&
$.*
a=18.6-0.6 , k=0.16-0.01
$....$
$.$,
a1=10.8..-3.1 , k1=0.69-0.24 , a2=12-4.2 , k2=0.08-0.06
&.$
$.$.
$.&'
a=21.4-1.0 , k=0.30-0.03 , m=0.75-0.14
$.'(
$.+
'.&
a=11.7...
-2.3 , k=0.65-0.21 , m=−0.56-0.3 , b=11.0-3.9

dL from TAG Filtered***5% constant error***
Model
C
*L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#

! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=7.2$.&
-0.1
0.06
b=6.6$.'
-0.2 , m=0.38-0.06
$.'
a=6.7-0.2 , k= −0.04$.$&
-0.01
'*.$
+.'-.$
a1=5.9$.)
-5.9 ,k1=−0.04-0.01 ,a2=0.8-0.8 ,k2=−0.02-0.03
$.'
$.$.
$.&(
a=6.6-0.2 , k=0.00-0.03 , m=0.39-0.19
&'
$.$(
$.'
a=0.09$.*&
-0.07 , k=20-20 , m=0.38-0.07 , b=6.6-0.6
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Table D9 continued
PFe from TAG Unfiltered
Model
C
L
Log
IE
SIE
IEC

Equation
!=#
! = $% + #
! = ' + #67(%)
y = a(1–e-kx )

! = #! (1– ' "#!$ ) + #% (1– ' "#" )

! = '(1– ( !"# ) + #

Parameter Values
b=6.60.3
-0.3
&.&
b=4.1$..
-0.3 , m=28.4-1.1
$.,
'.(
a=0.7-0.4 , b=79.3-2.8
a=126(-7 , k=0.74$.$*
-0.06 ,
46
0.6
,,
a1=75-61 , k1=0.80.6
-0.4 , a2=74-61 ,k2=0.8-0.4
$.'+
a=127(-7 , k=0.72$.$*
-0.06 , b=0.17-0.13

c2
886.9
271.2
100.0
71.4
71.1
71.4

BIC
889.1
275.6
104.4
75.8
79.9
78.0

c2
845.1
157.0
171.4
140.8
136.0
140.7

BIC
847.3
161.4
175.8
145.1
144.8
147.3

PFe from TAG Filtered***9% constant error***
Model
C
L
Log
IE
SIE
IEC

Equation
!=#
! = $% + #
! = ' + #67(%)
y = a(1–e-kx )
! = #! (1– ' "#!$ ) + #% (1– ' "#" )

! = '(1– ( !"# ) + #

Parameter Values
b=1.090.06
!$.$(
$.,
b=0.26$.$(
-0.07 , m=10.6-0.4
$.$'
$.*
a=0.01-0.01 , b=18.4-0.6
$.$+
a=73.2&*.,
-12.0 , k=0.19-0.04 ,
&.+
&..
+*
a1=49-47 , k1=0.2-0.1 , a2=42*&
-40 ,k2=0.2-0.1
''
$.$+
$.$(
a=81.5-15 , k=0.17-0.04 , b=0.08-0.05
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Table D10. Summary tables of model candidates fit to dissolved Fe, dissolved Fe-binding ligands, and
particulate Fe data from the Rainbow near-field incubations. Each measurement in each treatment was fit
with model candidates: Constant (C), Line (L), Exponential (E), Summed Exponential (SE), Line
Exponential (LE), Line Exponential Constant (LEC), Logarithmic (Log), Inverse Exponential (IE),
Summed Inverse Exponential (SIE), and Inverse Exponential Constant (IEC). For each model presented is
the mathematical equation being fit to the data, the 50th percentile values of each parameter from their
posterior distributions derived from the Markov chain Monte Carlo (MCMC) analysis with the one-sigma
errors derived from the distributions. In the right two columns is the calculated c2 each fit and the Bayesian
Information Criterion (BIC) outlined in Text D.1, with the model(s) with the lowest BIC bolded.

dFe from Rainbow near-field Unfiltered***6% constant error****
Model
C
L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=214,.)
-4.8
'.b=267).'
-8.2 , m=22.9-2.9
$.$'
&$.$
a=288-9.9 , k=0.14-0.02
$.$(
).$
$.'+
a1=322&&
-12 ,k1=0.31-0.04 ,a2=2.4-2.1 ,k2=−0.77-0.36
&,
$.$(
'.*
a=349-14 , k=0.61-0.06 , m=35.6-2.8
$.&&
,.'
.'.*
a=324',
-32 , k=0.67-0.08 , m=31-6.0 , b=24.5-17.9

c2
269.2
206.0
188.2
99.2
122.5
122.5

BIC
271.3
210.1
192.3
107.5
128.7
130.8

c2
2524
957.9
555.7
172.0
170.5
169.9

BIC
2526
962.0
559.9
180.3
176.7
178.2

c2
1295
1025
987.8
297.5
300.9
300.2

BIC
1298
1030
992.2
306.3
307.5
309.0

dFe from Rainbow near-field Filtered
Model
C
L
E
SE
*LE
LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=167.51.8
-1.8
0.9
b=239'.+
-2.5 , m=-34.8-0.9
$.$&
a=277..+
-3.4 , k=0.36-0.01
$.$.
(
$.$)
a1=40.6(.*
-7.0 ,k1=−0.15-0.04 ,a2=290-8 ,k2=1.09-0.08
+.&
$.$,
$.($
a=327-5.0 , k=0.94-0.04 , m=17.5-0.70
$.$)
'..
&..(
a=311&&
-13 , k=1.02-0.07 , m=13.9-2.8 , b=18.5-11.6

dL from Rainbow near-field Unfiltered
Model
C
L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=37.5$.',
-0.24
0.09
b=43.4$.,
-0.4 , m=-1.55-0.09
$.$$
$.+
a=44.7-0.5 , k=0.05-0.00
$.$..,
$.$'
a1=43..$
-3.0 ,k1=0.56-0.08 ,a2=17.3-3.4 ,k2=−0.10-0.03
$.)
$.$&
$.$)
a=60.0-0.8 , k=0.41-0.01 , m=4.61-0.08
$.&&
$.)
*.,
a=49.2*.,
-5.9 , k=0.52-0.07 , m=3.25-0.8 , b=11.5-6.8

dL from Rainbow near-field Filtered***4% constant error****
Model
C
L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=38.7$.*
-0.6
0.2
b=47.7$.-0.9 , m=-2.7-0.2
$.$&
a=48.6$.-1.0 , k=0.07-0.01
&..
'.(
$.''
a1=49.8-2.3 ,k1=0.14$.$,
-0.02 ,a2=0.5-0.4 ,k2=−0.47-0.26
&.'
$.$.
$.,
a=50.9-1.1 , k=0.21-0.03 , m=2.8-0.5
$.$)
$.)
&'.(
a=39.4)..
-12.5 , k=0.25-0.05 , m=1.7-1.3 , b=11.6-8.3

c2
231.4
60.9
52.8
21.1
36.5
27.0

BIC
233.4
65.1
57.0
29.4
42.7
35.3
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Table D10 continued
PFe from Rainbow near-field Unfiltered
Model
C
L
Log
IE
SIE

Equation
!=#
! = $% + #
! = ' + #67(%)
y = a(1–e-kx )

IEC

! = '(1– ( !"# ) + #

! = #! (1– ' "#!$ ) + #% (1– ' "#" )

Parameter Values
b=4750.(
-37
'&
b=4722,*
-45 , m=23-21
+,
*,
a=4716-54 , b=57-65
a=4765--9 , k=46.7--9 ,
&&
a1=2700&(*$
-1757 , k1=44-13 ,
&(+$
&&
a2=2400-1760 ,k2=44-12
&'
a=1980&)$$
-1460 , k=41.8-14 ,

b=2870&,,$
-1890

c2
4.3
3.2
3.5
4.2
3.5

BIC
6.4
7.3
7.7
8.3
11.8

3.2

9.4

PFe from Rainbow near-field Filtered***5% constant error***
Model
C
L
Log
IE
SIE
IEC

Equation
!=#
! = $% + #
! = ' + #67(%)
y = a(1–e-kx )

! = #! (1– ' "#!$ ) + #% (1– ' "#" )

! = '(1– ( !"# ) + #

Parameter Values
b=79.4&.(
!&.(
'.&
b=57.6&.-1.9 , m=54.8-2.0
'.'
+..
a=37.6-2.2 , b=164-5.3
$.$)
a=269.6).)
-8.7 , k=1.40-0.08 ,

*.!
!%
!)
a1=34!!
, k1=10.3&.(
-2.9 , a2=252-14 ,k2=0.9-0.1
$.$..+
a=264.5-.+
-9.3 , k=1.04-0.08 , b=18.8-3.5

c2
1161
445.6
227.0
153.5
120.9
127.8

BIC
1163
449.8
231.1
157.7
129.2
134.1
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Table D11. Summary tables of model candidates fit to dissolved Fe and dissolved Fe-binding ligands from
the Rainbow far-field incubation. Each measurement in each treatment was fit with model candidates:
Constant (C), Line (L), Exponential (E), Summed Exponential (SE), Line Exponential (LE), Line
Exponential Constant (LEC). For each model presented is the mathematical equation being fit to the data,
the 50th percentile values of each parameter from their posterior distributions derived from the Markov
chain Monte Carlo (MCMC) analysis with the one-sigma errors derived from the distributions. In the right
two columns is the calculated c2 each fit and the Bayesian Information Criterion (BIC) outlined in Text D1,
with the model(s) with the lowest BIC bolded.

dFe from Rainbow far-field***7 day truncation***
Model
C
L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#

! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=3.55$.&.
-0.13
0.09
b=2.7$.'
-0.2 , m=0.85-0.09
$.&
a=2.9-0.1 , k=−0.16$.$&
-0.01
'-.$..
'-.a1=2.6$..
-1.3 ,k1=– 0.12-0.06 ,a2=2.7-1.3 ,k2=– 0.13-0.05
$..
$.'&
$.&$
a=3.3-0.3 , k=0.60-0.23 , m=1.37-0.12
)..
$.&
$.'
a=3.4'.'
-1.6 , k=24.7-13.5 , m=0.99-0.1 , b=2.2-0.2

c2
96.7
16.2
15.1
10.1
10.8
4.3

BIC
98.3
19.5
18.3
16.6
15.6
10.7

c2
656.5
137.0
190.5
190.5
137.0
137.0

BIC
658.1
140.2
193.7
196.9
141.8
143.4

dL from Rainbow far-field***7 day truncation***
Model
C
L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#

! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%

! = #$ "#$ + &' + (

Parameter Values
b=2.50$.$+
-0.05
0.03
b=1.73$.$*
-0.06 , m=0.63-0.03
$.$+
a=1.97-0.05 , k=– 0.16$.$&
-0.01
'+.$
&.)
&(.,
a1=1.93$.$)
-1.9 ,k1=– 0.16-0.01 ,a2=0.14-0.11 ,k2=13.7-13.9
$.$*
$.$,
$.$*
a=1.73-0.06 , k=0.00-0.03 , m=0.63-0.07
).*
$.$.
$.$*
a=0.11$.'&
-0.08 , k=24.4-14.6 , m=0.63-0.03 , b=1.72-0.07
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Table D12. Summary tables of model candidates fit to dissolved Fe, dissolved Fe-binding ligands, and
particulate Fe data from the Lucky Strike incubation. Each measurement in each treatment was fit with
model candidates: Constant (C), Line (L), Exponential (E), Summed Exponential (SE), Line Exponential
(LE), Line Exponential Constant (LEC), Logarithmic (Log), Inverse Exponential (IE), Summed Inverse
Exponential (SIE), and Inverse Exponential Constant (IEC). For each model presented is the mathematical
equation being fit to the data, the 50th percentile values of each parameter from their posterior distributions
derived from the Markov chain Monte Carlo (MCMC) analysis with the one-sigma errors derived from the
distributions. In the right two columns is the calculated c2 each fit and the Bayesian Information Criterion
(BIC) outlined in Text D1, with the model(s) with the lowest BIC bolded.

dFe from Lucky Strike
Model
C
L
E
SE
LE
LEC

Equation

Parameter Values

!=#
! = $% + #
! = '( !"#
! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

b=13.2$.,
-0.4
0.06
b=12.7$.*
-0.6 , m=0.08-0.06
$.$$
$.*
a=12.7-0.6 , k=-0.01-0.00
$.&'
&.$.$&
a1=10.1'.$
-2.0 ,k1=0.24-0.09 ,a2=6.2-2.1 ,k2=−0.05-0.02
$.$.
$.$+
a=16.2$.-0.9 , k=0.17-0.03 , m=0.80-0.06
'.+
$.&$
'.a=12.5-3.0 , k=0.23-0.05 , m=0.61$.&.
-0.16 , b=3.9-2.6

c2
35.5
33.9
33.7
4.5
4.6
4.6

BIC
37.5
37.8
37.6
12.3
10.4
12.4

c2
263.9
66.4
64.1
24.6
60.5
16.9

BIC
265.7
69.9
67.7
31.7
65.9
24.1

c2
113.7
52.7
70.8
161.5
55.1
53.5

BIC
115.3
55.9
70.0
164.7
61.5
58.3

dL from Lucky Strike***14 day truncation***
Model
C
L
E
SE
LE
LEC

Equation
!=#
! = $% + #
! = '( !"#

! = #! $ "#!$ + #% $ "#"$

! = '( !"# + $%
! = '( !"# + $% + #

Parameter Values
b=5.05$.$.
-0.03
0.02
b=4.59$.$,
!$.$, , m=0.22-0.02
$.$.
a=4.66-0.03 , k=−0.04$.$$
-0.00
(.'
$.$,
$.$$
a1=4.0'.,
-2.1 ,k1=26.3-13.3 ,a2=4.60-0.04 ,k2=−0.04-0.00
$.&
$.$'
$.$,
a=4.8-0.1 , k=0.08-0.04 , m=0.45-0.09
*.$.$'
$.$,
a=4.7'.*
-2.5 , k=26.7-12.2 , m=0.25-0.02 , b=4.48-0.04

PFe from Lucky Strike

Model
C
L
Log
IE
SIE
IEC

Equation
!=#
! = $% + #
! = ' + #67(%)
y = a(1–e-kx )

! = #! (1– ' "#!$ ) + #% (1– ' "#" )

! = '(1– (

!"#

)+#

Parameter Values
b=5.0$.'
!$.'
$.&'
b=3.7$..
-0.3 , m=0.93-0.12
$..
$.,
a=3.2-0.3 , b=2.4-0.4
$.$)
a=10.4&.$
-0.9 , k=0.46-0.07 ,

)*.(
+
(.!
a1=12.6).(
&.( , k1=0.09-0.03 , a2=3.7-0.3 ,k2=51.7-51.6

$.$+
$..
a=13.7..)
-3.9 , k=0.09-0.02 , b=3.5-0.3
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